University of Kentucky

UKnowledge
Theses and Dissertations--Mechanical
Engineering

Mechanical Engineering

2020

CAPILLARY FLOW OF LIQUID ALUMINUM ALLOY IN WETTING
AND WETTING/NON-WETTING SYSTEMS
Yangyang Wu
University of Kentucky, wuyangyang16@outlook.com
Author ORCID Identifier:

https://orcid.org/0000-0003-1577-890X

Digital Object Identifier: https://doi.org/10.13023/etd.2020.273

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Wu, Yangyang, "CAPILLARY FLOW OF LIQUID ALUMINUM ALLOY IN WETTING AND WETTING/NONWETTING SYSTEMS" (2020). Theses and Dissertations--Mechanical Engineering. 156.
https://uknowledge.uky.edu/me_etds/156

This Doctoral Dissertation is brought to you for free and open access by the Mechanical Engineering at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Mechanical Engineering by an
authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Yangyang Wu, Student
Dr. Dusan P. Sekulic, Major Professor
Dr. Alexandre Martin, Director of Graduate Studies

CAPILLARY FLOW OF LIQUID ALUMINUM ALLOY IN WETTING AND
WETTING/NON-WETTING SYSTEMS

________________________________________
DISSERTATION
________________________________________
A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Engineering
at the University of Kentucky

By
Yangyang Wu
Lexington, Kentucky
Director: Dr. Dusan P. Sekulic, Professor of University of Kentucky
Lexington, Kentucky
2020

Copyright © Yangyang Wu 2020
https://orcid.org/0000-0003-1577-890X

ABSTRACT OF DISSERTATION

CAPILLARY FLOW OF LIQUID ALUMINUM ALLOY IN WETTING AND
WETTING/NON-WETTING SYSTEMS

In this dissertation, the capillary flow of liquid aluminum alloy in both wetting and
wetting/non-wetting systems is investigated.
The impact of gravity and surface topography on the capillary flow has been studied
in a wetting/non-wetting assembly (an AA3003/Al2O3 wedge-tee configuration). The
research includes (i) kinetics of liquid Al-Si-KxAlyFz alloy triple line movements and
dynamic macro advancing and receding contact angles and (ii) free surface profiles of the
molten alloy driven by surface tension and impacted by gravity. A trade-off between the
surface tension and gravity force has been found by calculating the capillary length.
Roughness effect has been also studied for the wetting of the liquid metal on the vertical
AA3003 substrate. The capillary flow process is simulated using phase-field model through
a collaboration with Washington State University. Good agreements have been achieved.
The microstructure has been studied and phase segregation has been found for the resolidified liquid alloy on the samples.
For aluminum braze capillary flow over a cylindrical wetting/non-wetting assembly
(PIN and HOLLOW PIN experiments), the heating rate and amount of the molten alloy
change on the wetting distance have been investigated under terrestrial condition. The key
experimental finding has been uncovering a phase segregation of re-solidified
microstructures under an impact of surface tension and gravity driving forces in the short
HOLLOW PIN experiment, in which the liquid metal flows into the inside cavity after
reaching the top over the outside wall. The team from Washington State University has
predicted the wetting distance and surface profile under earth gravity and zero gravity by
using our empirical findings and Surface evolver. Excellent agreement has been achieved
between the experimental and the numerically predicted data under terrestrial conditions.
Regarding the molten Al-Si alloy capillary flow in a wetting system, diffusion fields
of different elements (Si, K, Cu, Ti, Fe, Mn) involved in an aluminum brazing sheet have
been studied under different heating rates. It is demonstrated that Si diffuses more from the

clad to the core of the substrate when the heating rate decreases. Hence, less liquid metal
would be available to form the joint at low heating rates. Silicon diffusion process
prediction is essential for an assessment of the volume of clad metal of a composite sheet
available to flow into the joint. Hence, a study of both solid and liquid state of Si diffusion
across the clad-core interface during the brazing process, including 1) solid-state Si
diffusion before clad melting, and 2) liquid state Si diffusion after clad melting, is
investigated. Using the joint size obtained under different heating conditions and modeling
the joint formation, the Si liquid diffusion coefficient is calculated.

KEYWORDS: Aluminum alloy, capillary flow, wetting, non-wetting, diffusion, gravity.
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CHAPTER 1. INTRODUCTION
1.1

Background and motivations
The unique combinations of properties provided by aluminum and its alloys make

aluminum one of the most versatile, economical and attractive metallic materials for a
broad range of uses – from soft, highly ductile wrapping foil to the most demanding
aerospace applications [1]. Featuring light weight, aluminum alloy is the primary material
for building module shells at the International Space Station [2]. A habitable module wall
was made of aluminum alloy 2219-T87, and a baseline bumper was made of AA6061-T6
[3,4]. Rocket structural materials are usually based on the Duralumin series aluminum
alloys, which have high strength-to-weight ratios. For example, AA2024, AA7075, and
AA7020 are widely used on the Ariane IV rocket [5]. Ductile metal tubulations are
frequently designed into spacecraft systems in order to hermetically seal a unit that may
have been pumped down to vacuum, or may later be filled with gas or liquid. These tubes
are usually made of half-hard aluminum (such as AA3003) [5].
With the imperious demand of space exploration, development of methods and
means for performance of repair-restoration and construction work in space is of great
importance [6]. Thus, brazing [7], which is a technology of bonding similar or dissimilar
materials and has been widely used under terrestrial conditions in automotive industry, heat
exchanger manufacturing and variety of other applications, will become more and more
important in space applications.
An international research project “BRAzing of Aluminum Alloys IN Space
(BRAINS)”, which is funded by the NASA’s Physical Sciences Research Program, Grant
#NNX17AB52G, and the Roscosmos State Corporation for Space Activities in Russia, is
1

being led by the principal investigator: Dr. Dusan P. Sekulic, University of Kentucky.
Collaborators include Dr. Sinisa Dj. Mesarovic (Co-PI) from Washington State University,
and Dr. Mikhail D. Krivilyov (Co-PI) from Udmurt State University in Russia (sponsored
by Roscosmos). This project was selected to be conducted aboard the International Space
Station (ISS) as part of NASA's MaterialsLab program [8].
The science, technology and applications of aluminum bonding by brazing have been
widely studied under terrestrial conditions. The use of aluminum alloys in space promotes
not only bonding as a technology of choice for assembly under low gravity conditions
(including Mars and other possible extraterrestrial missions), but a need to use a larger
mass of liquid braze alloy for a potential repair in microgravity affected by impacts of
micro meteoroids and/or space debris. Under such conditions, the absence of gravity (either
in open space under vacuum or on board under controlled atmosphere) leads to different
behavior than the one observed under 1-g conditions. The goal of this project “BRAzing
of Aluminum Alloys IN Space (BRAINS)” is to uncover these differences in the capillary
flow of larger masses of liquid metal and through that, an understanding needed to
facilitate effective brazing in space.
The project includes both experimental studies and theoretical modeling aimed at
uncovering the behavior of aluminum alloys in liquid state. Experimental work will be
executed both under terrestrial conditions and at the International Space Station (ISS). The
study should answer the question of how the larger mass of molten Aluminum alloy
responds to the near absence of gravity while driven by surface tension.
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1.2

Scope of the research
The content in this dissertation involves merely the ground-based aluminum brazing

experiments in both wetting and wetting/non-wetting systems, which are designed as
benchmark investigations related to the planned microgravity experiments to be performed
at International Space Station (ISS). The focus will be on the phenomena involving
capillary flow, supporting but not necessarily developing details of the pragmatic aspects
of brazing technology.
Aluminum alloy capillary flow is a reactive wetting process, in which not only
surface tension and viscosity are dominating, but also more importantly several other
phenomena, such as chemical reactions, inter-diffusion, dissolution, etc. of the solid
substrate by the molten alloy, are also playing significant roles [9–14]. Thus, in the first
part of this dissertation (Chapter 3 and Chapter 4), molten Al-Si alloy capillary flow in a
wetting system has been discussed. Silicon diffusion involved in an aluminum brazing
sheet has been studied under different heating rates. Diffusion fields of other elements (K,
Cu, Ti, Fe, Mn) were also addressed. Silicon diffusion is essential for the assessment of the
quantity of the formed liquid aluminum alloy (braze), e.g. clad metal of a composite sheet,
available to flow into the joint (or fill a gap). Moreover, the liquid phase formed affects the
dissolution of the substrate. A study of both solid and liquid state of Si diffusion across the
clad-core interface during the brazing process, including 1) solid state Si diffusion before
clad melting, and 2) liquid state Si diffusion after clad melting, is investigated. Using the
joint size obtained under different heating rates and modeling the joint formation, the Si
liquid diffusion coefficient is calculated.

3

In order to investigate an impact of gravity and surface topography on the capillary
flow of a larger liquid metal mass, a wetting/non-wetting assembly (an AA3003/Al2O3
wedge-tee configuration) is designed (Chapter 5). The research includes (i) kinetics of
liquid TRILLIUM® composite’s triple line movements, and dynamic macro advancing and
receding contact angles, and (ii) free surface profiles of the molten alloy driven by surface
tension and impacted by gravity. A trade-off between the surface tension and gravity force
has been considered by calculating the capillary length. Roughness effects have been also
studied for the wetting of the liquid metal on a vertical AA3003 substrate. The capillary
flow process is simulated by using phase-field model (a collaborative work with the
Washington State University, USA, and the Udmurt State University, Russia). The
microstructure for the re-solidified liquid alloy on the samples has also been preliminarily
considered.
The substrate surfaces’ geometry designs in Chapter 6 (PIN experiment) and Chapter
7 (HOLLOW PIN experiment) are selected as benchmark terrestrial settings studied within
in the project of “BRAzing of Aluminum Alloys IN Space (BRAINS)” and it is intended
to be conducted aboard the International Space Station (ISS). The heating rate and amount
of the molten alloy change on the wetting distance have been investigated under terrestrial
conditions for the aluminum braze capillary flow over a cylindrical wetting/non-wetting
PIN assembly. The HOLLOW PIN is designed to see whether in microgravity, the braze
liquid will flow over the top of the hollow cylindrical pin and enter (or fill, depending on
size and pinning at the sharp circumference of the pin) the inner cavity of the pin, while
under the Earth gravity, the brazing liquid will not reach to the top of the pin.
Microstructure for the re-solidified liquid alloy on the samples has also been observed. The
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team from Washington State University, USA, has predicted the wetting distance and
surface profile under earth gravity and zero gravity by using our empirical findings and
implementing the Surface Evolver modeling/free surface formation simulation.

1.3

Organization of the dissertation
Following the introduction in Chapter 1, work done in this dissertation is organized

in chapters as below:
Chapter 2: Background and a literature review. This chapter provides a summary
of the literature involving the fundamental knowledge and most recent progress related to
surface tension driven wetting and non-wetting phenomena, and the gravity effect on the
capillary flow process. The transport phenomenon involving Si diffusion in Al, e.g., an AlSi alloy during aluminum brazing, is reviewed as well in detail.
The main contribution of this dissertation is provided in Chapters 3-7, of which,
Chapters 3 and 4 deal with the liquid Al-Si capillary flow in a wetting system; while,
Chapter 5-7 focus on the molten Al-Si capillary flow in a wetting/non-wetting system.
Chapter 3: Diffusion fields in TRILLIUM® brazing sheet under different heating
rates. The influence of heating rate on the diffusion of elements (Si, K, Cu, Ti, Fe, Mn, Al)
across the clad-core interface of brazing sheet clad with TRILLIUM® composite was
investigated in this chapter, of which, the diffusion of Si is directly related to the available
liquid filler metal to form the joint and affects the substrate dissolution.
Chapter 4: Re-solidification of micro-layers of capillary driven (Al-Si)-KxAlyFz
alloy. To quantify the available liquid metal contributing to the joint formation, the Si
diffusion processes in both solid state and liquid state are discussed. The temperature of an
intense Si diffusion from the unmelt Al-Si clad into solid Al-Mn alloy core substrate has
5

been established in the preheating process. Using the joint size obtained under different
heating conditions and modeling the joint formation, the Si diffusion coefficient in liquid
Al-Si to aluminum alloy core substrate at around 600˚C is calculated.
Chapter 5: Aluminum braze capillary flow in a wedge-tee wetting/non-wetting
system. The first part of this chapter is the benchmark study, which provides the sessile
drop experiments of Al-Si alloy on the wetting AA3003 substrates, and the non-wetting
alumina substrates, respectively. In the next part, the Al-Si molten alloy capillary flow in
an AA3003/Al2O3 wedge-tee configuration (a wetting/non-wetting assembly) is studied.
The gravity and surface topography impact on the wetting behavior has been established.
Chapter 6: Aluminum braze capillary flow in a cylindrical wetting/non-wetting
assembly: a “PIN” experiment. The content in this chapter deals with a capillary spreading
of the composite Al-Si-KxAlyFz alloy over a cylindrical PIN, which is one of the three
substrate surface configuration designs selected as benchmark terrestrial settings studied
within the project of “BRAzing of Aluminum Alloys IN Space (BRAINS)” and it is
intended to be conducted aboard the International Space Station (ISS). The aim is to
provide a better insight into a larger quantity of molten alloy spreading driven by surface
tension in a gravity field.
Chapter 7: Aluminum braze capillary flow in a cylindrical wetting/non-wetting
assembly: a “HOLLOW PIN” experiment. The same as the PIN experiment, this
experiment setting is also one of the three substrate surface configuration designs selected
as benchmark terrestrial settings studied in the “BRAINS” project. This configuration is
designed to see whether in microgravity (alternately in 1-g), the braze liquid will flow over
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the top of the hollow cylindrical pin and enter (or fill, depending on the size and an impact
of pinning at the sharp circumference of the pin) the inner cavity of the pin.
Chapter 8: Conclusion and future work. The concluding remarks of the work done
in this dissertation were presented and recommendations for future research work need to
be continued are addressed.
A set of appendices follows the main body of the dissertation text. Appendix A
offers a brief summary of the work done by our collaborators at Washington State
University. It provides the Phase-field modeling of the wedge-tee wetting/non-wetting
problem mentioned in Chapter 5. Appendix B offers the specifications of the SUBSA
furnace that will be used in International Space Station (ISS) tests and in benchmarking 1g tests (ongoing). Appendix C includes the prediction of the wetting distance under
microgravity condition (corroborating with our experimental findings in Chapter 6, PIN
experiment, and Chapter 7, HOLLOW PIN experiment), accomplished in collaboration
with the members of “BRAINS” team at the Washington State University using the Surface
Evolver [15].
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CHAPTER 2. BACKGROUND AND A LITERATURE REVIEW
2.1

Wetting
Wetting refers to the study of how a liquid deposited on a solid (or liquid) substrate

spreads out. The phenomenon is pertinent to numerous industrial applications, for example,
painting, brazing and soldering, anti-stain or anti-frost treatment of glass, waterproofing of
concrete, monument protection, etc. It also plays a role in life sciences, for instance, rise of
sap in plants, locomotion of insects on the surface of water, wetting of the eye, selfcleaning, and so on [16].
When positioning a small liquid droplet on a flat non-reactive solid surface, four
situations of how the liquid spreads on the solid surface may be found: complete wetting,
partial wetting (hydrophilic), partial wetting (hydrophobic) and no wetting. (see Figure
2.1). The wetted portion of the surface is delimited by a certain contact line [17], which is
called the triple line, where gas, liquid, solid phases meet together. The four wetting cases
are distinguished by the contact angle, θ, which is an angle formed between the solid
surface and the tangent to the liquid surface at the contact line with the solid.

(a)

(b)

(c)

(d)

Figure 2.1 A small liquid droplet spreads on a flat non-reactive solid surface.
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Figure 2.1(a) indicates an ideal complete wetting case when the equilibrium contact
angle θ = 0˚. Figure 2.1(b) gives an example of “mostly wetting”, a hydrophilic situation,
where 0˚ < θ < 90˚. If the contact angle θ goes above 90˚, the wetting will be classified as
“mostly non-wetting” (hydrophobic) (see Figure 2.1(c)). Figure 2.1(d) illustrates an
extreme no wetting case when θ = 180˚.
Figure 2.2 shows a small droplet on a solid flat surface at the equilibrium state. The
relation between the surface tensions of three phases and the equilibrium contact angle can
be described by Young’s equation [18].
𝛾𝑆𝐺 − 𝛾𝑆𝐿 = 𝛾𝐿𝐺 𝑐𝑜𝑠𝜃

(2-1)

where 𝛾𝑆𝐺 , 𝛾𝑆𝐿 and 𝛾𝐿𝐺 are the surface tensions at the solid-gas interface, solid-liquid
interface, and liquid-gas interface, respectively.

Figure 2.2 A small droplet on a solid flat surface at equilibrium state: illustration for the
Young’s equation.

It is possible to predict whether a solid surface is wettable or not. High-energy
surfaces are those having a large chemical binding energy and are usually made of ionic,
covalent, or metallic materials. Thus, nearly any liquid can spread on these surfaces. On
the contrast, low-energy surfaces, for example, molecular crystals and plastics, have lower
chemical binding energy and are generally hardly wettable [16]. Then if a liquid is less
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polarizable than the solid, it can spread completely, which is known as the Zisman’s Rule
[19].

2.1.1

Gravity and capillarity
Liquids possess peculiar properties. They have the ability to defeat gravity and

create capillary bridges, move up inclined planes, or rise in very small capillary tubes. In
addition, drops my lose their spherical shape under the influence of gravity [16].
There exists a particular length, named capillary length, 𝜅 −1 , beyond which gravity
cannot be neglected in a surface tension driven phenomenon. It is denoted as the ratio of
Laplace pressure 𝛾/𝜅 −1 to the hydrostatic pressure 𝜌𝑔𝜅 −1 [16].
𝜅 −1 = √𝛾/𝜌𝑔

(2-2)

Bond number is a dimensionless number used to measure the importance of
gravitational forces and the surface tension forces.
∆𝜌𝑔𝐿2
𝐵𝑜 =
𝛾

(2-3)

Where, ∆𝜌 is the difference in density of the two phases, kg/m3. 𝑔 is the gravitational
acceleration, m/s2. 𝐿 is the characteristic length, m. 𝛾 is the surface tension, N/m. Letting
the Bond number equals 1 (Bo = 1) will yield the characteristic length to be the capillary
length 𝜅 −1 .
The capillary length is generally of the order of a few mm (even for mercury, for
which 𝛾 and 𝜌 are large) [16]. It can work as a screening length. Gravity is negligible and
surface tension dominates if a size 𝐿 < 𝜅 −1 . On the contrast, for 𝐿 > 𝜅 −1 , gravity effect
cannot be neglected.
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Figure 2.3 illustrates water droplets with increased size on a sheet of plastic. For
the small droplet (left) whose radius 𝑅 < 𝜅 −1 , the shape features perfectly spherical. When
it comes to the large droplet (right), whose radius is larger than the capillary length
(𝑅 > 𝜅 −1 ), the surface profile is flattened due to gravity. The thickness of the puddle 𝑒 can
be recast in terms of the capillary length:
𝑒 = 2𝜅 −1 𝑠𝑖𝑛

𝜃
2

(2-4)

When 𝜃 ≪ 1, the thickness simplifies to 𝑒 = 𝜅 −1 𝜃.

Figure 2.3 Water droplets with increased size on a sheet of plastic. Gravity causes the
largest drops to flatten. Modified from [16].

2.1.2

Wetting on rough surfaces
Very few solids are molecularly flat. Instead, most solids are naturally rough, often

at a micrometric scale [20]. Figure 2.4 illustrates the microtextures on the surfaces of the
lotus leaf and the leg of a water strider [21,22], which are natural superhydrophobic
materials. Roughness on a solid surface will change the apparent wetting contact angle and
affecting the contact angle hysteresis [20]. It is well known that roughness of a hydrophobic
solid can enhance its hydrophobicity [23–28]. On the other hand, roughness may also make
a hydrophilic surface more hydrophilic [29]. These can be explained using the Wenzel’s
relation (Equation (2-5)) mentioned below. With the development of refined methods for
11

setting well-controlled micro- or nanotextures on a solid, novel wetting properties can be
achieved, such as spontaneous filmification [30], superhydrophobicity, superoleophobicity,
etc.

(a)

(b)

Figure 2.4 SEM images of a few examples of natural superhydrophobic materials. (a)
Lotus leaf, (b) Leg of a water strider. Adapted from [21,22] with permission.

2.1.2.1 Wenzel and Cassie-Baxter Model
Roughness also affects the apparent contact angle, which is (often very) different
from the local contact angle expected from the Young’s Equation (Equation (2-1)). For a
surface that is physically rough but chemically homogeneous, Wenzel’s model can be used
to correlate the apparent contact angle 𝜃 ∗ and the local contact angle 𝜃, using a roughness
factor, r, which is the ratio between the actual surface area and the apparent surface area of
a rough surface (r > 1) [24].
𝑐𝑜𝑠𝜃 ∗ = 𝑟 𝑐𝑜𝑠𝜃
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(2-5)

If a surface is chemically heterogeneous and comprises of two distinct materials,
each characterized by its own contact angle 𝜃1 and 𝜃2 . The apparent contact angle 𝜃 ∗ can
be expressed using the Cassie-Baxter model [25]
𝑐𝑜𝑠𝜃 ∗ = 𝑓1 𝑐𝑜𝑠𝜃1 + 𝑓2 𝑐𝑜𝑠𝜃2

(2-6)

where, the fractional surface areas occupied by each of these materials are designated by
𝑓1 and 𝑓2 and 𝑓1 + 𝑓2 = 1.

2.1.2.2 Composite rough surface
If a substrate is hydrophilic (𝜃 < 90˚), under a certain pre-defined condition the
liquid would start to penetrate the topographical features of the roughness [31,32]. A
critical contact angle 𝜃𝑐 , is introduced to judge whether the liquid penetration/imbibition
will happen or not. It also considered as the threshold for the wetting transition between
Wenzel and Cassie-Baxter regime (Figure 2.5). In Wenzel regime, the surface is dry ahead
of the contact line; in Cassie-Baxter regime, the roughness is filled with a liquid film and
the drop lies on the solid/liquid composite surface.

Figure 2.5 A droplet over a horizontal rough surface in equilibrium. (a) Wenzel regime:
the surface is dry ahead of the contact line. (b) Film regime: the roughness is filled with a
liquid film. The drop lies on the solid/liquid composite surface (Cassie-Baxter model).
Modified from [32].
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In the Cassie-Baxter regime (Figure 2.5(b)), the drop is actually sitting on a wetted
substrate considered as a patchwork of a solid and a liquid. We denote by ∅𝑠 and (1 − ∅𝑠 )
the relative fractions of the solid and liquid phases underneath the drop. The Cassie-Baxter
relation (Equation (2-6)) can be applied to the mixed surface, with the contact angle 𝜃 as
the liquid/solid interface and 0˚ as the liquid/liquid interface [16]. The apparent contact
angle 𝜃 ∗ can be expressed as
𝑐𝑜𝑠𝜃 ∗ = 1 − ∅𝑠 + ∅𝑠 𝑐𝑜𝑠𝜃

(2-7)

The movement of the film is favorable if
𝜃 < 𝜃𝑐 ,

𝑤𝑖𝑡ℎ 𝑐𝑜𝑠𝜃𝑐 =

1 − ∅𝑠
,
𝑟 − ∅𝑠

(0˚ < 𝜃𝑐 < 90˚)

(2-8)

Thus, if 𝜃 < 𝜃𝑐 , a film of liquid will penetrate the surface roughness.

2.1.2.3 Wetting in grooves
Many solids are naturally striated with grooves. Process of fabrication (such as
lamination) may also generate microgrooves. Such defects can be used for specific
purposes, for instance, directional wetting [20]. A number of theoretical models and
quantitative experimental observations have been developed to give a scientific
understanding of wetting in grooves [33–38]. Figure 2.6 illustrates a rectangular groove
with a width of w and depth δ, in which the detail of the different menisci was ignored. We
expect the interface to be flat in order to minimize the corresponding surface area [20].
Using the Young’s equation (Equation (2-1)), the liquid progression is favorable if
θ < 𝜃𝑐
where θ is the local contact angle, and
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(2-9)

cos𝜃𝑐 = 𝑤/(2𝛿 + 𝑤)

(2-10)

Usually, 𝛿 and 𝑤 are at the same order of magnitude, then 𝜃𝑐 is a degree between 0˚
and 90˚. If 𝛿 ≫ 𝑤, which means the groove is narrow and deep, then 𝜃𝑐 is close to 90˚.
Instead, if 𝛿 ≪ 𝑤 (the groove is wide and shallow), 𝜃𝑐 will be approaching 0˚, meeting
the criterion of complete wetting on a flat solid [20].

Figure 2.6 A liquid (in blue) invading a rectangular groove on a solid. The menisci at the
liquid front and along the corners, ahead of it, were ignored. Reprinted from [20] with
permission.

2.1.2.4 Wetting at a sharp edge
Figure 2.7 illustrates a liquid droplet approaching a sharp edge and pinning of the
contact line at the apex of the physical defect. According to Gibbs and Oliver’s theory
[39,40]. The contact angle 𝜃0 , measured through the drop at the sharp edge, can have any
values between 𝜃 and 180° − ∅ + 𝜃, that is:
𝜃 ≤ 𝜃0 ≤ (180° − ∅) + 𝜃

(2-11)

where, 𝜃 is the equilibrium contact angle measured through the liquid phase, 𝜃𝑐 is the
contact angle measured through the drop at the edge, and ∅ is the angle subtended by the
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two surfaces forming the solid edge. If ∅ ≤ 𝜃, an angle of 180˚ is one possible solution for
𝜃0 . This can be used to explain why geometric textures with jagged profiles and slope
discontinuities have the ability to trap air, and therefore to magnify the hydrophobic
properties of a substrate [16].

Figure 2.7 Pinning of a liquid drop at a sharp edge. Location 1: A drop approaching the
edge. Location 2: in the critical position. Location 3: After crossing the edge. Modified
from [40].

2.2

Transport phenomena in an aluminum alloy capillary flow: Si diffusion in Al
Surface tension driven flow has been studied for a long time. However, the study of

wettability at high temperatures [9–11,34,41–44], which is key to the metal joining, nonsimilar materials bonding, etc. was not widely reported until the 1980s. For the reactive
wetting and spreading at elevated temperatures, not only surface tension and viscosity are
dominating, but also interfacial interactions such as chemical reaction, inter-diffusion, deoxidation and dissolution of the solid substrate by the liquid metal are also playing
significant roles.
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Al-Si alloy is widely used in aluminum brazing. The following characteristics of the
Al-Si series of alloys make them suitable as filler metal for brazing aluminum alloys
[45,46]:
(1) the basic composition of the filler metal is similar to the core or base metal, which
ensures good wettability, material compatibility and good metallurgical bonding;
(2) the solidus temperature of the filler is at least 40˚C lower than that of the base
metal to avoid melting of the base metal during the heating process;
(3) the difference between the liquidus and solidus temperatures is relatively small,
which ensures better control of the brazing conditions and good flowability of the
molten filler;
(4) the corrosion potentials of the filler alloys are close to the base metal, resulting in
good resistance of the brazed joint to galvanic corrosion;
(5) the filler metals also have good formability and can be supplied in various forms
such as wire, foil or powder depending on the process requirements.

The interdiffusion coefficient of Si atoms is larger than that of the Al atoms in AlSi system at solid state [47], which is also known as the Kirkendall effect [48]. In an
aluminum brazing sheet, it manifests itself as Si in the clad migrates across the clad-core
interface and diffuses into the core during a brazing process [49]. Figure 2.8 gives a
schematic illustration of silicon diffusion in an aluminum brazing sheet and the resulting
silicon depleted zone after pre-heating below the melting point. During the brazing process,
solid state Si diffusion happens before clad melting, and liquid state Si diffusion takes place
after clad melting,
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Figure 2.8 Schematic illustration of silicon diffusion in an aluminum brazing sheet and
the resulting silicon depleted zone after pre-heating below the melting point. Modified
from [49].

In order to investigate the diffusion and dissolution phenomena involved in the
aluminum capillary flow at high temperatures, a better understanding of the Fick’s second
law for mass transfer is imperative.

2.2.1

Analytical solution of Fick’s second law

The Fick’s second equation,
∂c
∂2 c
=D 2
∂t
∂x

(2-12)

has various solutions and boundary conditions suited to attainable experiment models.
Two, in particular, each involving planar, unidirectional flow, are in common use [50].

1) Thin-film solution
The boundary condition assumes a fixed amount of dopant in the thin film. The
solution of the diffusion from a “very thin” film into a “semi-infinite” solid is described
by:
c=

𝛼
√𝜋𝐷𝑡

exp (−
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𝑥2
)
4𝐷𝑡

(2-13)

Where, 𝛼 is the areal density of the thin film and may also be denoted as C0∆s (where C0
is the initial concentration of the diffusing element in the base material, ∆s is the interfacial
area) and x is the distance from the interface. The right-hand side of the equation is divided
by 2 if the thin film is sandwiched. The equation rests on the assumption that the
concentration of the diffusing element in the base is initially zero.

2) Solution for semi-infinite solids
If there is a limited solid solubility of the dopant in the base at a given temperature
so that the concentration at the interface stays constant, thus the semi-infinite solution
[50,51] needs to be used.
The boundary conditions include: 𝑐(𝑥 = 0) = 𝑐𝑠 , solid solubility of Si in Al,
constant at a given temperature, and 𝑐(𝑥 = ∞) = 𝑐0 , corresponding to the original
concentration of silicon existing in the core, c0, remains constant in the far bulk phase at x
= ∞.
The solution of equation (2-12) is below:
𝑥

𝑐(𝑥, 𝑡) = 𝑐𝑠 − (𝑐𝑠 − 𝑐0 )erf (

2√𝐷𝑡

)

(2-14)

If 𝑐0 = 0, then equation (2-14) can be reduced to
𝑐(𝑥, 𝑡) = 𝑐𝑠 [1 − erf (

𝑥
2√𝐷𝑡

𝑥

)] = 𝑐𝑠 erfc (

2√𝐷𝑡

)

(2-15)

𝑥/2√𝐷𝑡 is a dimensionless parameter, which indicates that the distance of
penetration of any given concentration is proportional to the square root of time [51]. If the
concentration 𝑐(𝑥, 𝑡) in a certain location x is given, then 𝑥/2√𝐷𝑡 can be determined.
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Finally, D may be calculated since x and t are known. Once the D at any x is known, the
average value of D can be obtained.

2.2.2

Silicon diffusion in aluminum
The diffusion has been widely investigated during the past decades. Solid diffusion

[52–54] is relevant for the kinetics of many microstructural changes that occur during
preparation, processing and heat treatment of materials, for example, homogenization of
alloys, recrystallization, annealing, etc. Liquid diffusion [55] plays an important role in
liquids' non-convective and/or convective flows and casting process, etc. Liquid-solid
diffusion [56] takes place in phenomena such as wetting [57], dissolution, contact melting,
liquid metal corrosion, etc., thus affecting the sintering, impregnation, welding, brazing
and soldering, liquid metal cladding processes and host of others.
It has been established empirically that the solid diffusion coefficient 𝐷 is related
to absolute temperature, T, by the Arrhenius equation [50]
𝐷 = 𝐷0 exp(−

𝑄
)
𝑅𝑇

(2-16)

where, 𝐷0 is the pre-exponential factor and has the same unit as that of 𝐷 (diffusion
coefficient), m2/s; 𝑄 is the activation energy, J/mol; R is the gas constant, J∙K-1∙mol-1.
Equation (2-16) can be rewritten as below by taking the natural logarithm (ln) at both sides.
𝑙𝑛𝐷 = 𝑙𝑛𝐷0 −

𝑄
𝑅𝑇

(2-17)

Equation (2-17) can also be written as
𝑙𝑜𝑔𝐷 = 𝑙𝑜𝑔𝐷0 − log(e)
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𝑄
𝑅𝑇

(2-18)

Figure 2.9 shows the temperature dependence of solid interdiffusion coefficient of
Si in Al, DSi/Al, intrinsic diffusion coefficients DSi and DAl, established by Fujikawa [47]
and other works [58–60], which demonstrates a linear relationship of (𝑙𝑜𝑔𝐷) vs. (1/T) as
indicated by Equation (2-18).

Figure 2.9 Temperature dependence of solid interdiffusion coefficient Dsi/Al, intrinsic
diffusion coefficient Dsi and DAl, established by Fujikawa [47] in comparison with other
works. Reprinted from [47] with permission.

Table 2.1 provides a summary of selected published work relating silicon diffusion
within aluminum alloys in chronological order. It is obvious that the diffusion of Si in a
solid Al alloy has been a subject of extensive investigation and the mechanism of atomic
movement is elucidated. Most of the diffusion coefficients are determined by empirical and
semi-empirical electronic/atomistic approaches, for example, X-ray microanalysis, and
21

EPMA. In addition to experimental studies, Mantina [61] successfully predicted the
impurity diffusion coefficients directly from the first principles without any empirical or
fitting parameters. Among the researchers who studied solid diffusion, McCaldin [62],
Gurp [63], Garg [64] and Paccagnella [65] had been focused on the thin film systems. It
is found that the diffusion coefficients are much larger in thin film aluminum samples than
those measured in wrought aluminum.
There are a few studies of diffusion of Si into liquid aluminum and/or aluminum
alloys. The theory is not that well-developed compared to solid diffusion. As shown in
Table 2.1, the diffusion coefficient is at least three orders of magnitude larger than that of
solid diffusion in the same temperature range.
When it comes to the Si diffusion from liquid Al-Si to a solid Al alloy, the studies
have been scarce. Kosaka [66] studied the solid Al dissolution process in molten Al-Si and
demonstrated that the dissolution process is diffusion controlled. Nakagawa [67] also found
that the key factor affecting base metal dissolution is the solute diffusion in the liquid
during transient liquid-phase (TLP) brazing. The relatively slow rate of advance of the
solid-liquid interface strongly suggests that the dissolution process is controlled by solute
diffusion in both liquid and solid and not by an interface reaction. Craighead [68] has
studied the dissolution rate of Al in molten Al-Si and has established that temperature
affects the dissolution rate dramatically. The dissolution rate is found to be 14 times larger
at 625˚C than that at 595˚C. However, there are no specific diffusion coefficient data
provided in this research.
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Table 2.1 Summary of published work of Si diffusion into Al

Si in
Solid
Al

Name

Year

D0
×104
(m2/s)

Q
(KJ/mol)

Diffusion coefficient
(m2/s)

Note (couple preparation:
assessment)

Freche [69]

1936

-

-

510˚C: 2.00 × 10-13

3N7 base Al, 1.95% Si
Rolled: spectrographic
analysis

Beerwald [59]

1939

0.9*

127.8

Mehl [70]

1941

-

131.8

Buckle [71]

1943

-

133.4

Roth [72]

1960

-

-

Fricke [73]

1965

-

-

Terrill [49]

1966

-

-

McCaldin#
[62]

1971

-

76

Fricke [60]

1972

18

150.6

Bergner [58]

1973

0.35

123.9

Gurp# [63]

1973

-

82

Hirano [74]

1978

2.48

137.0

Fujikawa [47]

1978

2.02

136

Garg# [64]

1984

-

61

Paccagnella#
[65]

1985

Gao [42]

2002

8.3 × 103

78.2

-

-

465˚C: 3.41 × 10-14
500˚C: 9.85 × 10-14
509˚C: 1.76 × 10-13
537˚C: 2.36 × 10-13
600˚C: 9.26 × 10-13
Give D curves vs.
temperature (400˚C 501˚C) at different Si
concentration from 0.20.7%
Give D curves vs.
temperature (470˚C 580˚C) at different Si
concentration from 00.5%
500˚C:
Initial 1% Si: 1.7 × 10-13
Initial 3% Si: 2.2 × 10-13
450˚C: 5.8 × 10-14
538˚C: 3 × 10-13
549˚C: 5 × 10-13
560˚C: 8 × 10-13
571˚C: 11 × 10-13
574˚C: 12 × 10-13
Give D curves vs.
temperature (360˚C 560˚C)
350˚C - 550˚C
Give specific value from
345˚C - 630˚C
Give D curves vs.
temperature (150˚C 300˚C)
Give D curves vs.
temperature (480˚C 620˚C)
Give D curves vs.
temperature (480˚C 620˚C) at different Si
concentration
400˚C: 4.93 × 10-13
450˚C: 1.07 × 10-13
500˚C: 1.89 × 10-12
560˚C: 4.08 × 10-12
Give D curves vs.
temperature (475˚C 550˚C)
520˚C: 3.4 × 10-13
620˚C: 2.8 × 10-12

23

4N8 Base Al, 0.52% Si
Clamped: spectrographic

Pure Al base, 2.54% Si
Rolled: chemical and
spectrographic analysis

4N8 Base Al, 1% Si
Clamped: microhardness
4N Al, 1-3% Si
Extrusion: quantometric
analysis,
Pure Al base, 1.10% Si
Not given: electron
microprobe analysis
Brazing sheet, 7.5% Si
double clad, AA3003 core:
results extrapolated from
values obtained at lower
temperature
Thin film interdiffusion, Xray micro-analyzer
Electron-probe microanalysis
Al-0.5%Si in pure
aluminum: EPMA
Thin film had Si content of
0.4%, 0.8%, 1.8% Si
Thin film precipitation
By means of interdiffusion
Pure Al base, 0.6%, 0.9%,
1.19% Si
Diffusion bonding: X-ray
micro-analyzer
Thin film interdiffusion
Deposited: Electron beam Xray microanalyzer
Thin film interdiffusion
Deposited: EDS
Brazing sheet with Si of
6.5% and 7.2% in the clad:
EPMA

Table 2.1 (continued) Summary of published work of Si diffusion into Al
Name

Si in
liquid
Al

Liquid
Al-Si
to
liquid
Al

Liquid
Al-Si
to
solid
Al

Year

D0
×104
(m2/s)

Q
(KJ/mol)

Diffusion coefficient
(m2/s)

Note (couple preparation:
assessment)
Brazing sheet (single and
multiple clad).
Use software (Dictra &
Prophase) to model the
diffusion process
Reviewed and assessed by
means of the least-squares
method and semi-empirical
correlations

Senaneuch
[75]

2002

-

-

-

Du [76]

2003

0.14

117.6

-

Smithells,
Metals
reference book
[77]

2004

2.48

137.0

Give D curves vs.
temperature (480˚C 620˚C)

Mantina [61]

2009

3.66×
10-2

110.96

Pearce [78]

2016

-

-

Wernick [79]

1956

-

-

667˚C: 4.0 × 10-9
697˚C: 8.7 × 10-9

Lozovskiy
[80]

1968

-

-

700˚C -1000˚C

Silicon in liquid Al

Ershov [81]

1979

0.234

61.17

700˚C -1000˚C

Du [76]

2003

1.34 ×
10-3

30.0

-

Poirier [82]

2014

-

-

-

Ahmadi [83]

2015

-

-

680˚C -760˚C

Pearce [78]

2016

-

-

Liquid Al: ~10-9 (660˚C)

Si disk in 99% liquid Al:
Rotational disk method
Evaluated using data of other
study.
Si diffusion in liquid Al.
Si diffusion in liquid Al.
Derived from viscosities and
the self-diffusion coefficient
of the alloys.
Si rod dissolution in molten
Al under different flow
conditions: natural and
forced convection
Comprehensive survey
Al-20.22Si disk and Al disk.
Planar contact before
melting: chemical analysis
Both Al and Al-Si are in
molten state.
Solution rate of solid Al in
molten Al-Si,
(Si concentration of 10.5% 14%)
Al-Si liquid, Al solid,
Dissolution of solid Al into
molten Al-Si alloy.
(Si concentration of 7.5%14.2%)

Give D curves vs.
temperature (130˚C 700˚C)
Solid Al: ~10-12 (660˚C)

Uemura [84]

1939

-

-

700˚C: 8.07 × 10-8
800˚C: 9.25 × 10-8
900˚C: 1.06 × 10-7
1000˚C: 1.30 × 10-7

Craighead [68]

1955

-

-

585˚C - 625˚C

Kosaka [66]

1969

3.66×
10-2

42.97

585˚C -640˚C

Use data of Hirano (1978)

First principle, using density
-functional theory (DFT)
Comprehensive survey
Place Al wire between two
sections of a Si block.
Temp-gradient zone melting:
metallographic.

#: Thin film aluminum samples.
*: This number is deduced from the original data D0 in the unit of cm2/day. However, it doesn’t have a good
agreement with the experiment data even using the original data. This number is negotiable.
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CHAPTER 3. DIFFUSION FIELDS IN TRILLIUM® BRAZING SHEET UNDER
DIFFERENT HEATING RATES
3.1

Overview
The main rationale to consider the diffusion fields of a composite Al-Si-KxAlyFz

alloy clad (TRILLIUM® [1]) over an Al-Mn alloy (AA3000 series) in the present study is a
need to contribute to a better understanding of Si diffusion transport phenomena under low
heating rates. Namely, the existing equipment to support the “BRAzing of Aluminum
Alloys IN Space (BRAINS)” research at the International Space Station (ISS) has the hot
zone to be used capable of operating only at low heating rates. The technological
applications of aluminum brazing are supported usually with sizably higher heating rates.
So, to be able to understand better the outcomes of our studies (see later), we will perform
a comparative study for a wide range of heating rates. The ongoing study (“BRAINS”) has
not been designed to offer ultimately a technological solution, but to understand capillary
phenomena for an alloy subjected to a heating rate that may be low.
Aluminum brazing is widely used in automotive heat exchanger manufacturing,
aerospace and variety of other applications. It is often performed by furnace brazing [85].
The characteristics of a brazed joint depend on critical process parameters including
surface preparation, furnace atmosphere, preheat conditions, heating rate, peak
temperatures, dwell time above the melting point and cooling rates [86].
The impacts of the peak temperature, dwell time, and atmosphere, for example,
have already been widely discussed [42,49,87–89]. The influence of the heating rate has

1

Materials were supported by Gränges AB, Finspång, Sweden. TRILLIUM® technology is protected by
United States Patent No. 8871356 as well as by corresponding patents and pending patent applications in
other major countries. TRILLIUM® is a registered trademark of Gränges AB, Sweden.
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not been widely reported. If the heating rate is too high, filler metal will not feature uniform
temperature distribution. Hence, some Al-Si alloy may not fully melt, and thus will affect
the quantity that can be driven by surface tension into a joint. On the other hand, if the
heating rate is too low, Si diffusion from the liquid alloy to the substrate will be more
significant, and thus less Al-Si eutectic would be available for brazed joint formation.
Moreover, although the Si diffusion in an aluminum brazing sheet has been
frequently studied [42,49,87,90], the migration of other elements (K, Cu, Ti, etc.) have not
been reported in detail.
In this chapter, the influence of heating rate on the diffusion of elements across the
clad-core interface of brazing sheet clad with TRILLIUM® composite was investigated.
Migration of elements in such a system is responsible for brazeability performance, and
hence understanding the impact of the heating history on residue formation after melting
is of paramount importance. A series of tests have been performed exposing test specimens
to different heating rates. The ultimate objective is to establish the volume of filler metal
available on melting for flow into the joint (if there is a mating surface) and to predict the
resultant fillet size. For this purpose, TRILLIUM® brazing sheet samples were heated at
heating rates of 1ºC/min, 5ºC/min, 10ºC/min, 15ºC/min, 20ºC/min and 40ºC/min. The
distribution of Si, K, Cu, Ti, Fe, Mn, Al was determined using Glow Discharge Optical
Emission Spectroscopy (GDOES

[2]

). Some details of this study have been published in

[91].

2

GDOES tests performed involving assistance from Gränges AB, Sweden, on the selected samples prepared
by University of Kentucky (UK).
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3.2

Materials and experimental procedures
An aluminum Al-Si-KxAlyFz composite clad over an aluminum alloy substrate (a

brazing sheet) with a total thickness of 314 µm and 25 µm single side clad layer (clad ratio
8%) was used in this study (see Figure 3.1(a)). The substrate core is Al-Mn alloy (AA3000
series). The clad is made of an Al-Si alloy, TRILLIUM® [92–94]. It represents an AA4045
matrix with approximately 5 wt.% K1-3AlF4-6 flux embedded in the matrix. No extra flux
has been added. Chemical composition is listed in Table 3.1. Three SEM images show
details of the clad (Figure 3.1(b)), the clad-core interface (Figure 3.1(c)), and the core
(Figure 3.1(d)), respectively. The Si particles in the TRILLIUM® clad are typically 3 µm
mean equivalent diameter and are spherical (Figure 3.1(b)) compared to the standard DC
cast AA4045 clad, in which Si particles are larger and in plate-like shape. Figure 3.1(e)
gives the EDS mapping for Si and F elements in the clad, of which, the mapping for F
indicates the flux distribution.

Table 3.1 Chemical composition (nominal) of TRILLIUM® brazing sheet (wt.%)
Si

Fe

Cu

Mn

Clad

10.6

0.08

0.001 0.001 0.007 0.002 0.006

balance

Core

0.068 0.252 0.344 1.435 0.002 0.003 0.144

balance
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Mg

Zn

Ti

Al

Figure 3.1 (a) Optical micrographs of TRILLIUM® brazing sheet with a clad thickness
of 25µm and a total thickness of 314 µm. Three SEM images show details of the clad (b),
the clad-core interface (c), and the core (d), respectively. (Keller’s reagent etched). (e)
EDS mapping of Si and F elements in the clad, of which, the mapping for F indicates the
flux distribution.
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Dimensions of the samples used in the study were 26 mm ×21 mm ×0.31 mm. The
samples were ultrasonically cleaned in soapy water, water and finally rinsed in ethanol.
Then, the samples were exposed to different heating rates in the controlled atmosphere
transparent hot zone furnace (Centorr model #: 2091). Furnace chamber was vacuumed
and purged using 99.999% ultra-high purity nitrogen at 944 cm3/min (2 scfh) for 2 hours.
During the test, nitrogen is continuously supplied at the same rate as during purging. The
series of test runs at different heating rates were executed as follows: samples were heated
first from room temperature to 540°C at the largest heating rate of the furnace system
(around 42ºC/min), followed by a dwell time of 1 min at that temperature level.
Subsequently, the samples were heated to 600ºC under various heating rates. The selected
rates include: 40ºC/min, 20ºC/min, 15ºC/min, 10ºC/min, 5ºC/min and 1ºC/min. After
reaching the peak of 600ºC, another dwell lasting 2 min was imposed, followed by a natural
cooling. The temperature profile is shown in Figure 3.2.
The diffusion of Si becomes quite rapid just before reaching the solidus temperature
for an Al-Si alloy, i.e., in the range between, say, 540ºC to 574ºC [49]. That is the reason
why the intermediate temperature of 540ºC was chosen.
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Figure 3.2 Temperature history for controlled atmosphere brazing at different heating
rates. Segment I: room temperature to 540˚C: heating rate ≈ 42ºC/min, dwell time at
540˚C = 1 minutes; Segment II: 540˚C to 600˚C, heating rates vary from 1˚C/min to
40˚C/min, dwell time at 600˚C = 2 minutes, natural cooling.

Analysis has been performed by using glow-discharge optical emission
spectroscopy (GDOES) at randomly selected locations on the re-solidified clad. GDOES
is a surface analysis technique for the direct depth profiling of thin films and industrial
coatings [95]. During GDOES experiments, the samples are sputtered by Ar+ ions and
accelerated neutral species with very low energies (<50 eV). The sputtered atoms are then
excited by the plasma and de-excited by emitting photons with a characteristic wavelength,
enabling element discrimination [96,97]. The GDOES analysis was repeated to verify the
reproducibility of data and the independence of profiles obtained on the selected locations.
Elements concentration along the depth of the solidified clad and the substrate near the
interface were collected for each sample. The samples were further processed by cuttingoff a cross-section 5 mm away from the end of the longer edge of each sample and then
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imbedded in resin by cold mounting. Subsequently, the samples were polished in a
sequence of steps using #220, #500, #800, #1200 SiC papers followed by 9 µm, 3 µm and
OPU suspensions and then etched by Keller’s reagent.

3.3

Results and discussion

3.3.1

Diffusion profiles – the impact of a heating rate change
Figure 3.3 lists the designation labels for samples exposed to various heating rates

indicated in Figure 3.2. A comprehensive presentation of the distributions of elements
across the interfaces of the studied specimens is provided in Figure 3.4. Each plot shows
the concentration distribution for all major elements obtained for (i) non-brazed and (ii)
brazed coupons. These distributions indicate the migration of elements for samples
exposed to different heating rates.

Figure 3.3 Designation labels for samples exposed to various heating rates. The dents in
form of circles are the GDOES test locations. (a) B0: Unbrazed sample, (b) B40C:
Brazed sample at 40°C/min, (c) B20C: Brazed sample at 20°C/min, (d) B15C: Brazed
sample at 15°C/min, (e) B10C: Brazed sample at 10°C/min, (f) B5C: Brazed sample at
5°C/min, (g) B1C: Brazed sample at 1°C/min.

31

Mass Conc. [%]
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80
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Si
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Mn
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Fe - (× 100)
Cu - (× 100)
Mn - (× 50)
Ti - (× 100)
K - (× 50)
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Ti
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10

K
Ti
Cu
Mn

0
0

5

10
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K
Si

Si
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40
Depth [μm]

Mass Conc. [%]

(a) B0: Unbrazed sample
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Mn
Mn

70
60

2015-07-23 15:41:18 (Al_QDP-BULK_2.5mm _ K)
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Si - (× 5)
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Ti
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Si
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K
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(b) B40C: Brazed sample 40°C/min

(c) B20C: Brazed sample 20°C/min
Figure 3.4 GDOES data of elements’ concentration profile along depth for different
TRILLIUM® brazing sheets samples.
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(d) B15C: Brazed sample 15°C/min
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(f) B5C: Brazed sample 5°C/min
Figure 3.4 (continued) GDOES data of elements’ concentration profile along depth for
different TRILLIUM® brazing sheet samples.
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(g) B1C: Brazed sample 1°C/min
Figure 3.4 (continued) GDOES data of elements’ concentration profile along depth for
different TRILLIUM® brazing sheets samples.

After comparing the nominal concentrations given in Table 3.1 and the
concentrations of the same elements obtained by GDOES in Figure 3.4(a) for the nonbrazed samples (B0), one can draw the conclusion that the values for Si, Fe, Cu, and all the
other elements agree quite well (see Table 3.2).

Table 3.2 Comparison of elements’ concentration between the nominal and the GDOES
measured data
Clad

Core

Nominal

Measured

(wt%)

(wt%)

(wt%)

(wt%)

Si

10.6

10.5

0.068

0.1

Fe

0.08

0.08

0.252

0.25

Cu

0.001

0.003

0.344

0.34

Mn

0.001

0

1.435

1.4

Ti

0.006

0.005

0.144

0.15

Al

89.30

88

97.75

97
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Nominal Measured

From Figure 3.4(a), one can see that for the unbrazed sample B0, the distribution
of the elements features a smooth transition at the interface of the clad and the core (at the
depth between 20-28 µm from the top of the clad layer, notice the variable scaling factors
for presented concentration distributions). We hypothesize that this elements’ distribution
smooth transition phenomenon at the interface is probably due to the solid diffusion during
the hot rolling process of the clad and core. However, the not perfect flat interface between
the two rolled materials and the crater profile of the GDOES anode (Ø = 2.5 mm) may also
be the contributors [98]. In addition, the sputtering effect of the GDOES anode may lead
to a local concentration increase at the very top of the clad layer (up to the depth of ~1 µm),
for Si, Fe, Cu, K [98]. For example, the concentration of Si in the clad is about 10.6%.
However, at the top surface interface, the concentration of Si can reach about 13%. Due to
the low concentration of Mn, Ti, these two elements do not feature a visible concentration
change artefact.
The same distributions of elements are re-plotted next, with each plot offering
concentration distributions of a single element but for all coupons on the same plot (refer
to Figure 3.5), i.e., each plot is presenting the concentration distributions of the selected
element (e.g., Si) for various heating rates during brazing including the distribution of the
same element in the virgin sample (before brazing).

35

(a) Si

(b) K
Figure 3.5 Elements concentration of Si, Fe, Mn, K, Cu, Ti along depth for different
samples obtained under different heating rates: (a) Si, (b) K, (c) Cu, (d) Ti, (e) Fe, (f) Mn
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(c) Cu

(d) Ti
Figure 3.5 (continued) Elements concentration of Si, Fe, Mn, K, Cu, Ti along depth for
different samples obtained under different heating rates: (a) Si, (b) K, (c) Cu, (d) Ti, (e)
Fe, (f) Mn
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(e) Fe

(f) Mn
Figure 3.5 (continued) Elements concentration of Si, Fe, Mn, K, Cu, Ti along depth for
different samples obtained under different heating rates: (a) Si, (b) K, (c) Cu, (d) Ti, (e)
Fe, (f) Mn
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The listed conclusions follow from the study of the diffusion plots in Figure 3.5.
1) Si
For the nonheated sample, the elements’ distribution features a smooth transition at
the interface of the clad and the core (at the depth between 20−28 µm from the top of the
clad layer). This is a typical interdiffusion profile for two semi-infinite specimens of
different compositions when they are joined together and annealed. This indicates that the
diffusion has already taken place when the clad and core sheets of the formed composite
were hot rolled together. However, the not perfect flat interface between the two rolled
materials and the crater profile of the GDOES anode (Ø = 2.5 mm) may also be the
contributors, (as stated above, p.35). When heated, Si diffuses from the clad layer
(originally 10.5 wt%) into the core alloy (originally 0.1 wt%), where it stabilizes at a
concentration of about 1.1 wt%, which corresponds to the solid solubility of Si in Al at the
peak temperature [99].
As illustrated in Figure 3.5(a), concentration peaks of Si at the depth around 1μm
are observed for all samples at different heating rates. The peak concentrations appear to
be higher in a heated sample than that in the virgin state (unbrazed) sample, and the
maximum can reach as much as 18.5 wt%. For the unbrazed sample, the concentration peak
may be an artefact due to the sputtering effect of the GDOES anode. However, for the
heated samples, the peak concentration phenomenon is likely due to oxide hold-up. A
similar phenomenon of the pronounced near-surface effect (NSE) was observed by Lundy
in a study of the diffusion of Al26 and Mn54 in aluminum [100], attributed to a barrier effect
of an Al2O3 layer. The same was also observed for other systems, e.g., the diffusion of
cobalt into silver [101], following a tendency for surface segregation of some solute atoms.
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Figure 3.6 shows the micrographs of the composite sheet exposed to different
heating rates. It is observed that the Al-Si eutectic phase mainly exists at the top of the
heated samples (re-solidified clad residue), which further gives the evidence that the Si
concentration is higher at the depth of the first few micrometers as shown in Figure 3.5(a).
The band of dense precipitates (BDP) formed by Si diffusion at the clad/core interface can
also be observed in Figure 3.6(a).
The heating rates decrease prompts more Si to diffuse into the core of the substrate.
From the diffusion curves in Figure 3.5(a), one can see that the slope of the Si distribution
is steep for an unbrazed case (compared to the cases of 40 and 20°C/min) while the
distribution gradually changes for further lowering the heating rates. This means that the
concentration of Si changes more drastically for the lower heating rates within the first 5
μm.
As the plots shown in Figure 3.5(a), the diffusion for sample B1C (brazed at
1˚C/min) is the first to stabilize at the solid solubility of 1.1 wt%, followed by the cases
with higher heating rates. The trend is not strictly obeyed for samples B20C and B40C.
The reason is that inhomogeneous re-solidification of the Al-Si liquid phase has been
occurring on top of the brazing sheet, especially at higher heating rates Figure 3.6(c-d),
leading to different Si concentrations at different locations. As a result, the GDOES
measurement at a certain location may vary. As the heating rate decrease prompts more Si
to diffuse into the core of the substrate, less liquid metal would be available to form the
joint. The integrated area enclosed by the diffusion curve and the x-axis before the
concentration reaches the solid solubility in Figure 3.5(a). is correlated to the liquid amount
formed on a composite sheet exposed to varied heating rate.

40

Figure 3.6 Metallurgical images of brazing sheets imposed to different heating rates (no
mating surface): (a) 1˚C/min, (b) 5˚C/min, (c) 10˚C/min, (d) 20˚C/min.

2) K
Potassium has a high concentration at the surface of the re-solidified clad layer (up
to 1 μm of depth), leaving the rest of the re-solidified residue potassium depleted. This
means the flux has floated to the top surface and acted upon the oxide layer of the aluminum
brazing sheet, promoting wettability of the liquid metal over its substrate.
However, one can see that the potassium concentration is visibly higher than zero
at depths of ~15−20 µm for B1C and B5C samples. It can be hypothesized that at low
heating rates, when a thinner surface layer of molten filler metal is produced, molten flux
remains trapped within the unmolten residual clad layer and does not segregate to the
surface as previously observed [102].
An entrapment of the potassium-aluminum-fluoride salt within the re-solidified
clad layer with a very low heating rate may explain the “oxide skinning” observed on the
surface after brazing (refer to sample B1C in Figure 3.3(g)) [102].
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3) Cu
Cu diffuses from the core alloy (nominally declared as 0.344%, here measured as
0.34%) into the clad layer (nominally declared as 0.001%, here measured as 0.003%), and
stabilizes at a concentration of approximately 0.2%.
After heating, the concentration of copper in the core and the clad is generally at
the level between 0.20% and 0.25% except for the B1C sample, which means that Cu has
good mobility in Al and becomes evenly distributed when the sample is heated. For B1C,
more Cu moved to the clad, leaving the concentration larger than that in the core.
What is unusual (unless an artefact of the performed measurements) is that sudden
concentration decreases may be observed at a roughly 1 μm of depth for all the heated
samples, hence opposite from the distribution of other elements.
Cu can form Al-Si-Cu eutectic in Al-Si alloy. This ternary eutectic has a lower
melting temperature (solidus: 525°C) than Al-Si alloy. Thus, adding Cu into Al-Si alloy
can lower the melting temperature of the filler metal [103]. As a result, with more Cu
diffused to the clad, melting temperature may decrease to some extent. In addition,
corrosion resistance is increasing when Cu is increasing from 0% to 5% [104]. However,
Cu can also form CuAl2(θ) intermetallic in Al-Si alloy, which is brittle and harmful for the
joint strength. With the heating rate decrease to 1°C/min, Cu concentration dramatically
increases in the clad layer, which may help lower the melting temperature and improve the
corrosion resistance. On the other hand, this may also promote the growth of CuAl2(θ)
intermetallic.
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4) Ti
Ti diffuses from the core alloy (nominally declared as 0.144%, here measured as
0.15%) into the clad layer (nominally declared as 0.006%, here measured as 0.005%).
Heating rate will not change significantly the Ti concentration distribution, which means
that Ti has low mobility in the brazing sheet. However, as the heating rate decreases, Ti is
prone to move to the clad from the core but at a very low rate (refer to B1C).
The effect of Ti on Al-Si alloy is not clear, but it was reported that for Zn-Al filler
metal, the microstructure of a Zn-Al alloy can be refined remarkably with the trace addition
of 0.01 wt.% to 0.05 wt.% Ti. The Al3Ti particles contribute to the improvement of the
microstructure. The wettability of Zn-Al is significantly improved when the quantity of Ti
added in the alloy is 0.03 wt.% [105].
5) Fe
Fe diffuses from the core alloy (nominally declared as 0.252%, here measured as
0.25%) into the clad layer (nominally declared as 0.08%, here measured as 0.08%). There
is also concentration local extrema at a depth of around 1 μm for the heated samples. The
highest concentration of Fe can reach as much as 0.55%. This may also due to oxide holdup as the same logic as Si.
6) Mn
Mn diffuses from the core alloy (nominally declared as 1.435%, here measured as
1.4%) into the clad layer (nominally declared as 0.001%, here measured as 0%), stabilizing
at a concentration of approximately 0.2%. Concentration peaks for heated samples at a
depth of around 1 μm were also observed, and the highest concentration of Mn can reach
as much as 0.6%.
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For reference, the solid diffusion coefficient for various elements in fcc Al at 600˚C
is listed in Table 3.3 [76]. The relationship of the diffusion speed for these elements is: Si
> Cu > Fe > Mn > Ti.

Table 3.3 Solid diffusion coefficient for various elements in fcc Al at 600˚C [76].
Si
Diffusion coefficient
2

(m /s)

3.3.2

Cu

Fe

Mn

Ti

1.29×10-12 4.32×10-13 5.67×10-14 2.99×10-15 3.33×10-17

Microstructure of samples brazed under various heating rates
During the brazing cycle, Si diffuses from the cladding alloy into the core, and

when the clad melts, the interaction between the liquid clad and solid substrate becomes
more significant and often leads to obvious substrate dissolution. This condition, resulting
in a reduction in thickness of the substrate is known as erosion [46,106]. Sometimes, the
same phenomenon is termed “dissolution” – no consensus has been established. From the
micrographs in Figure 3.7, one can notice the core substrate erosion of brazing sheets when
imposed to different heating rates. With the heating rate decreasing, the eroded zone
increases. Excluding the random erosion intrusions into the core, the main clad/core
interface location remains the same after heating at different rates and following the resolidification (compared to the original coupon, refer to the middle dash line on the right
column in Figure 3.7). At each eroded location, one can observe that Al-Si eutectic
aggregates at the top, forming an irregular shape (refer also to the inset in Figure 3.6(a)).
However, at places that are not eroded, Al-Si eutectic is in smaller quantity and it is
uniformly distributed. Due to an inhomogeneous solidification, the re-solidified clad
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thickness for higher heating rates can be larger than for the original unbrazed sample, refer
to the top dash line for samples B40C, B20C, B15C, right column in Figure 3.7. However,
the re-solidified clad layer thickness is thinner than the original for B10C, B5C, B1C
samples.

(a) B0: Unbrazed

(b) B40C: 40 ºC/min
Figure 3.7 Micrographs of brazing sheets imposed to different heating rates (left: 100×,
right: 200×). (a) B0, (b) B40C, (c) B20C, (d) B15C, (e) B10C, (f) B5C, (g) B1C. On the
right column: the topmost dash line indicates the original (unbrazed) top surface of the
clad; the middle dash line indicates the original (unbrazed) clad/core interface; the bottom
dash line indicates the original (unbrazed) core bottom surface.
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(c) B20C: 20 ºC/min

(d) B15C: 15 ºC/min

(e) B10C: 10 ºC/min
Figure 3.7 (continued) Micrographs of brazing sheets imposed to different heating rates
(left: 100×, right: 200×). (a) B0, (b) B40C, (c) B20C, (d) B15C, (e) B10C, (f) B5C, (g)
B1C. On the right column: the topmost dash line indicates the original (unbrazed) top
surface of the clad; the middle dash line indicates the original (unbrazed) clad/core
interface; the bottom dash line indicates the original (unbrazed) core bottom surface.

46

(f) B5C: 5 ºC/min

(g) B1C: 1 ºC/min
Figure 3.7 (continued) Micrographs of brazing sheets imposed to different heating rates
(left: 100×, right: 200×). (a) B0, (b) B40C, (c) B20C, (d) B15C, (e) B10C, (f) B5C, (g)
B1C. On the right column: the topmost dash line indicates the original (unbrazed) top
surface of the clad; the middle dash line indicates the original (unbrazed) clad/core
interface; the bottom dash line indicates the original (unbrazed) core bottom surface.

Silicon depleted alpha phase zone is increasing when the heating rate decreases. It
means that the volume of molten filler metal layer that forms when the temperature exceeds
the eutectic temperature is reduced with an increased diffusion (and reduced heating rate).
This was further demonstrated by the measured data using Image-Pro Plus; the Si
depleted α-Al area can be measured (see Figure 3.8). This zone is red marked horizontally,
so that the equivalent Si depletion α-Al domain thickness can be estimated (see Table 3.4).
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Results in Table 3.4 were averaged by repeated measurements of at least two different
locations for a given sample. One can see that for a heating rate of 1°C/min, the equivalent
Si depletion zone (including the erosion area in the core substrate) is 24.17 μm, which is
very close to the original clad thickness (25 μm). We can also observe that the core is more
intensely eroded at low heating rates, which again, contributes to the increase of the Si
depletion zone thickness.

Figure 3.8 α-Al phase layer for sample B1C.

Table 3.4 Equivalent Si depleted α-Al phase thickness for different heating rates.
Equivalent Si

Standard

depleted α-Al phase

deviation (STD)

thickness (μm)

(μm)

40

14.8

0.87

20

15.9

1.91

15

17.2

1.11

10

17.5

0.53

5

17.6

2.91

1

24.2

1.55

Heating rate
(°C/min)
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3.4

Conclusions
In this chapter, a series of tests have been performed by exposing TRILLIUM®

brazing sheet to different heating rates: 1ºC/min, 5ºC/min, 10ºC/min, 15ºC/min, 20ºC/min
and 40ºC/min. Quantitative data for the distributions of Si, K, Cu, Ti, Fe, Mn has been
established by using Glow Discharge Optical Emission Spectroscopy (GDOES).
It is demonstrated that Si diffuses more from the clad to the core of the substrate
when heating rate decreases. Hence, less liquid metal would be available to form the joint
at low heating rates if there exists a mating surface. Si concentration is higher at the depth
of the first few micrometers since Al-Si eutectic phase mainly exists at the top of the heated
samples (re-solidified clad residue). The diffusion for sample brazed at 1˚C/min is the first
to stabilize at the solid solubility of 1.1 wt%, followed by the cases with higher heating
rates.
Cu has the best mobility. Ti, Fe, Mn are less mobile. Potassium fluoro-aluminate
flux may get entrapped for low heating rates, e.g. 1°C/min.
As silicon diffuses more prominently from the clad to the core when the heating
rate decreases, the area of Si depleted α-Al zone increases, and the core alloy has more
localized erosion at the clad-core interface at lower heating rates. However, the clad/core
interface position remains the same. Study shows that the Si depleted α-Al phase is almost
the same for heating rates of 10°C/min, 20°C/min, and 40°C/min. However, there is a
dramatic increase of the Si depleted area for heating rate of 1°C/min, thus much less liquid
metal is available.
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CHAPTER 4. SILICON DIFFUSION INVOLVED IN RE-SOLIDIFICATION OF
MICRO-LAYERS OF CAPILLARY DRIVEN (AL-SI)-KXALYFZ ALLOY
4.1

Overview
Silicon diffusion is an important phenomenon involved in thermal processing of

alloys, e.g., an Al-Si alloy during aluminum brazing. Specifically, the Si migration during
brazing affects the amount of liquid metal available to form a mating surfaces’ bond, and
further influences the solid substrate dissolution at the solid-liquid interface.
The system considered in this chapter consists of a molten and re-solidified (AlSi)-KxAlyFz composite microlayer alloy on an Al-Mn substrate (e.g., Al brazing sheet
[7,107]). Traditional brazing clad/filler metals used in brazing of aluminum are based on
the aluminum-silicon alloys [85]. The clad material considered in this study features a new
spray-formed composite material characterized by non-macro-segregated, rapidly
solidified phases of silicon and aluminum with an inorganic salt phase comprising of
extremely fine nano/sub-micro particles [108].
The interdiffusion coefficient of Si atoms is larger than that of the Al atoms in AlSi system at solid state [47], which is also known as the Kirkendall effect [48]. As a result,
it manifests itself as Si in the clad migrates across the clad-core interface and diffuses into
the core during a brazing process [49]. Hence, the Si diffusion influences the phase change
kinetics at the solid/liquid interface. Consequently, silicon diffusion is a key factor in
forming a volume of filler metal available for the capillary flow across the substrate. How
to quantify that amount of available liquid to subsequently re-solidify with desired
microstructure is of great interest. Turriff [109] had used the differential scanning
calorimetry (DSC) studies to get the liquid fraction experimentally by dividing the
measured enthalpies by the endothermic energy after heating and cooling the brazing sheet,
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but under conditions that do not resemble the actual manufacturing process. Terrill [49]
had successfully determined semi-empirically the volume of available liquid metal to
predict the joint size by calculating the Si depleted thickness for a fixed heating rate by
introducing an empirical flow factor, which is a posteriori used to evaluate the brazeability
of a brazing sheet [110]. More recently, a series of studies [42,90,111–113] and a numerical
model [114] have been developed to predict the joint size. The brazed joint re-solidified
mass was determined by evaluating the mass of the clad residue formed in the vicinity of
the joints without using an empirical input (e.g., the flow factor).
All the theoretical models mentioned so far are merely based on the solid-state
diffusion. Solid state diffusion dominates the thermal treatment process prior to melting of
the clad; but after the clad melting, Si diffuses into the solid Al substrate across the liquid
clad. Turriff [109] has demonstrated that the clad/core interdiffusion (particularly Si uptake
by the core), is much more rapid in the presence of the liquid phase. This chapter is to
develop a predictive model based on the approach developed in [111] by calculating the
clad residue thickness. The goal is to predict the available liquid alloy by introducing the
diffusion of Si across the liquid Al-Si into solid Al alloy, which is not considered before.
A detailed literature review relating Si diffusion into Al has been given in Chapter 2.
To quantify the available liquid metal contributing to the joint formation, the
diffusion process is in the first approximation divided into two evolving time segments,
both before the onset of solidification: 1) the solid state Si diffusion before clad melting,
2) the liquid state Si diffusion after clad melting. Of the two segments, the later has not
been addressed in the available literature. The sequence of the solid and liquid diffusion
segments has been facilitated by performing a series of experimental benchmark studies.
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The Si diffusion has been monitored at 150˚C, 250˚C, 350˚C, 450˚C, 550˚C peak
temperatures. Each dwell at the peak lasted for 10 mins. For the study of the impact of
liquid diffusion of the re-solidified liquid phase, the experiments have been performed at
600˚C with different heating rates, ranging from 1˚C/min to 60˚C/min. The joint formation
process has been modeled and an excellent agreement with empirical data generated has
been established.
Note that the diffusion coefficients mentioned in this chapter are all interdiffusion
coefficients, and the liquid diffusion means the silicon in liquid Al-Si diffusing to solid Al.

4.2

Materials and experimental procedures
The same “fluxless” brazing sheet mentioned in Chapter 3, which consists of

TRILLIUM® (Al-Si- KxAlyFz) as the clad and Al-Mn (AA3000 series) as the substrate core,
is used in this study. The chemical composition and microstructure of the brazing sheet are
given in Table 3.1 and Figure 3.1, respectively. Two sets of experiments were conducted
using this brazing sheet. The sample configurations and temperature histories are provided
in Figure 4.1.
The first set (refer to Figure 4.1(a)) has been focused on the silicon solid diffusion
coefficient evaluation in a brazing sheet. The Si diffusion has been monitored at different
temperatures within the composite of Al-Si-KxAlyFz on an Al-Mn alloy. A critical
temperature for the onset of intense Si diffusion from the Al-Si-KxAlyFz into the Al alloy
substrate has been established.
The second set (see Figure 4.1(b)) involves formation of the liquid Al-Si-KxAlyFz
on the Al-Mn alloy substrate and its surface tension driven flow over it (horizontal) to a
joint area formed by a mating surface AA3003 (vertical). This wedge-tee configuration has
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been exposed to different heating rates ranging from 1˚C/min to 60˚C/min. The objective
of the second set is to uncover the effect of silicon diffusion on the joint size under different
heating rates conditions.

Figure 4.1 Sample configurations and temperature histories for the two sets of
experiments. (a) Set 1: Si solid state diffusion at different temperatures. Top: a brazing
sheet. Bottom: the temperature history for Si solid state diffusion tests at different
temperatures under N2 atmosphere: heating rate ≈ 42ºC/min, dwell time = 10 minutes,
rapid quench to 150°C. (b) Set 2: Re-solidification at different heating rates. Top: wedgetee configuration of the brazing sheet with a vertical mating substrate made of AA3003.
Bottom: Temperature history for a controlled atmosphere brazing at different heating
rates. Segment I: room temperature to 540˚C: heating rate = 40ºC/min, dwell time at
540˚C = 1 minutes; Segment II: 540˚C to 600˚C, heating rates vary from 1˚C/min to
60˚C/min, dwell time at 600˚C = 2 minutes, natural cooling.

All the samples in the two sets of experiments were ultrasonically cleaned first in
soapy water, rinsed in deionized water, and finally in ethanol before tests. The experiments
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were conducted under controlled atmosphere brazing (CAB). Furnace chamber was
vacuumed and purged using 99.999% ultra-high purity (UHP) nitrogen. During the test,
nitrogen is continuously supplied at the same rate as during purging.

4.2.1

Si solid state diffusion at different temperatures
Samples (see Figure 4.1(a)) with dimensions of 15 mm × 10 mm × 0.31 mm were

put into the isothermal section of the transparent hot zone furnace (Centorr Model #: 2091).
After purging with ultra-high purity (UHP) nitrogen at 944 cm3/min (2 scfh) for 2 hours
(O2 ~ 150 ppm), samples were heated sequentially to 150°C, 250°C, 350°C, 450°C, 550°C,
respectively, at the largest heating rate of the furnace system (~42ºC/min). The dwell time
at the peak temperature was 10 minutes, followed by a rapid quench with compressed
nitrogen. The system was cooled up to 150°C with the room-temperature nitrogen’s forced
convection, followed by a natural cooling up to the room temperature (see Figure 4.1(a)).
The samples were subsequently processed by partitioning along the longer edge center line
and then imbedded in resin by cold mounting. Subsequently, the samples were polished in
a sequence of steps using #220, #500, #800, #1200 SiC papers followed by 9 µm, 3 µm
and OPU suspensions and then etched by Keller’s reagent. EDS line scan with an area of
800 µm wide, 100 µm depth was made to get an average Si concentration profile vs. depth
by using FEI Helios Nanolab 660.

4.2.2

Re-solidification at different heating rates
A wedge-tee configuration with a composite brazing sheet as the horizontal

substrate and AA3003 as the vertical piece was designed to study the re-solidified joint
formation at different heating rates (Figure 4.1(b)). Dimensions of the brazing sheet and
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AA3003 substrate are 30 mm × 10 mm × 0.31 mm and 15 mm × 10 mm × 0.39 mm
respectively. The vertical AA3003 piece was located along the midplane of the longer edge
of the composite sheet. Samples were put into the high-temperature optical contact angle
(OCA) measuring system (refer to Figure 4.2). After purging with UHP nitrogen at 472
cm3/min (1 scfh) for 2 hours (O2 < 50 ppm), the samples were heated following the
temperature profile as illustrated in Figure 4.1(b), and naturally cooled at a cooling rate of
6˚C/min. The OCA system consists of a CCD camera, a furnace, and a halogen back-light
source, which are in perfect horizontal alignment. Therefore, a real time, in situ recording
of the triple line movement can be facilitated within the furnace’s cylindrical hot zone
chamber (refer also to Figure 5.10). Three repetitions were conducted for each heating
condition to ensure required statistical confidence. After re-solidification, the cross
sections were made along the center of the T-joint at the shorter edge of each sample and
subsequently polished using the same procedure as indicated in Section 4.2.1.

Figure 4.2 Schematic of the high-temperature optical contact angle (OCA) measuring
system.
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4.3
4.3.1

Results and discussion
Si solid state diffusion at different temperatures
Figure 4.3 shows the Si penetration profile within the composite sheet after

annealing at various temperatures (dwell at a temperature was 10 minutes). In the clad zone
(domain length < 25 µm), the average silicon concentration has been in a good agreement
with the nominal composition data (10.6 wt%) as indicated in Table 3.1. At the clad-core
interface (~25 µm), Si starts to diffuse sizably from the clad to the core upon reaching
higher temperatures, say 450˚C. No significant diffusion was observed when the
temperature was lower than or equal to 350˚C.
Si in the composite’s clad is usually in a form of large particles typically 3 µm in
mean equivalent diameter (Figure 3.1). However, after diffusing into the core and forming
a band of dense precipitates (BDP) at the clad/core interface, Si mainly forms fine αAl(Mn,Fe)Si particles [115]. As a result, the Si concentration profile is smoother at the
clad-core interface compared to the clad zone.
The inset in Figure 4.3 shows the Si penetration profile at 550˚C across the cladcore interface. The profile was divided into three regions: Region I: lattice diffusion;
Region II: short-circuiting contributions (grain boundary and dislocation contributions);
Region III: undiffused zone. Similar phenomena were observed by Lübbehusen [116] for
self-diffusion of Fe59 in α-iron and by Lundy [101] for cobalt diffusion in silver.
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Figure 4.3 Si solid diffusion in an Al brazing sheet after annealing at various
temperatures for 10 min. The insert shows the Si penetration profile across the clad-core
interface (~25 µm) at 550˚C. Region I: lattice diffusion; Region II: short-circuiting
contributions (grain boundary and dislocation contributions); Region III: undiffused zone.

The associated Si diffusion coefficients were determined by using the penetration
curves, Figure 4.3. Calculations were performed for 450˚C and 550˚C, respectively (the Si
diffusion is only sizable at these two temperatures). The determination of the diffusion
coefficients from lattice diffusion (region I) is highly questionable, as this can lead to
erroneous results [101], so only the data in region II will be used. Before calculation, the
following assumptions need to be considered:
(i) Diffusion is independent of concentration. In the real case, the coefficient of
diffusion may depend not only on the temperature, but also on the concentration of
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the components [117]. However, Fujikawa [47] has demonstrated that the
dependence on concentration is weak for Si diffusion into Al. Thus, here it is
assumed that the diffusion coefficient does not change with concentration.
(ii) Diffusion coefficient is a constant at a given temperature and changes only with
temperature.
(iii) The diffusing element is not volatile.
(iv) The composite sheet is made by rolling. During the rolling process, surface oxide
films are broken up and distributed over a much larger area, allowing diffusion to
proceed unimpeded over at least part of the interface [50].

When the boundary condition assumes a fixed amount of dopant (Si) in the clad,
the solution of the Fick’s second law is Equation (2-13) listed in Chapter 2 [50]. However,
there is a limited solid solubility of Si in Al at a given temperature so that the concentration
at the interface stays constant, thus the semi-infinite solution of Equation (2-14) [50,51]
needs to be used.
Hence, the boundary conditions include: 𝑐(𝑥 = 0) = 𝑐𝑠 , solid solubility of Si in
Al, which is a constant at a given temperature, and 𝑐(𝑥 = ∞) = 𝑐0 , corresponding to the
original concentration of silicon existing in the core. c0 remains constant in the far bulk
phase at x = ∞. If 𝑐0 = 0, the benchmark profile gets the well-known erfc form (Equation
(2-15)).
EDS measured data indicate that the core of the composite contains about 0.12 wt%
Si. Note that the solid solubility of Si in Al at 550˚C is around 1.25 wt% [99]. The solubility
at 450˚C is even less. As a result, the content of Si in the core should not be neglected.
Table 4.1 shows the average values of the calculated diffusion coefficient at different initial
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conditions for 𝑐0 = 0 and 𝑐0 = 0.12 at 450˚C and 550˚C, respectively. The value of the
diffusion coefficient is lower when 𝑐0 is assumed to be 0.12 (compared to the situation
corresponding to 𝑐0 = 0 at the same temperature). Table 4.1 also lists data from the other
sources. The result evaluated in this study has a good agreement with the literature.

Table 4.1 Calculated diffusion coefficients for different boundary conditions at 450˚C
and 550˚C including data from other sources. Data at 600˚C are used in Section 4.3.2.2.

This study (c0=0)
This study (c0=0.12 wt%)

450˚C
5.31×10-14
3.07×10-14

D (m2/s)
550˚C
5.02×10-13
3.52×10-13

Buckle [71]
Terrill [49]
Fricke [73]
Fricke [60]
Bergner [58]
Hirano [74]
Fujikawa [47]
Du [76]
Mantina [61]

5.80×10-14
2.37×10-14
3.91×10-14
3.14×10-14
3.02×10-14
4.46×10-14
3.52×10-14

3.47×10-13
5.00×10-13
4.97×10-13
4.79×10-13
5.00×10-13
4.71×10-13
4.81×10-13
3.32×10-13

600˚C

1.35×10-12
1.57×10-12
1.47×10-12
1.29×10-12
8.40×10-13

Figure 4.4 shows the comparison of the EDS area scan data (experimental) with the
Si concentration profiles determined by using calculated diffusion coefficients for different
boundary conditions at different annealing temperatures, say, 450˚C and 550˚C. Notice
slight differences between the curves for different boundary conditions. The solid line
indicates that the initial Si concentration in the core 𝑐0 is 0; Dashed line corresponds to the
initial Si concentration in the core 𝑐0 of 0.12. The x-axis is zeroed in region II (the inset
shown in Figure 4.3 for 550˚C). The same holds for 450˚C.
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(a) 450˚C

(b) 550˚C
Figure 4.4 Comparison of the EDS area scan data (experimental) with the Si
concentration profiles determined by using calculated diffusion coefficients for different
boundary conditions at different annealing temperatures; (a) 450˚C and (b) 550˚C.
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Most of the studies listed in Table 2.1 in the literature review give the Si diffusion
coefficient for the temperature range above 400˚C. Only a few mentioned the diffusion
below 400˚C. According to Mantina [61], The order of magnitude for the diffusion
coefficient at 350˚C is ~10-15 m2/s. Whereas, it will drop to ~10-20 m2/s at 150˚C.

4.3.2

Liquid alloy capillary driven joint formation at different heating rates

4.3.2.1 Joint size at different heating rates
Figure 4.5 illustrates the triple line locations (i.e., a locus of points where solid
alloy, molten metal and gas phase meet) of bond formation under various heating rates in
the high-temperature optical contact angle (OCA) measurement system. The bonding
involves two mating surfaces, the horizontal composite brazing sheet and a vertical
AA3003 mating surface.
Figure 4.5(a) shows the free surface profile at the onset of forming the joint around
585˚C when brazed under 1°C/min. Since the heating rate is extremely low, it takes about
20 mins from this moment to heat the sample further to the peak (600˚C), dwell at the peak,
and cool to the solidus (580˚C). The liquid Al-Si dwells at the joint area and Si diffusion
continues during the above-mentioned process. As a result, fillet decreases dramatically at
one side of the joint when it gets close to solidification, see Figure 4.5(b). For better
comparison, the red dashed line illustrates the original liquid meniscus at the onset of joint
formation as shown in Figure 4.5(a). The equilibrium triple line locations of joint formation
for heating rates of 5°C/min, 10°C/min, 40°C/min were shown in Figure 4.5(c-e). The
surface topographies don’t change sizably for these heating rates from the onset of joint
formation up to reaching solidification since the dwell time of the liquid in the joint area is
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much smaller than that in the case of 1°C/min. The joint size is much larger when brazed
at higher heating rates, say 10°C/min and 40°C/min, compared to that brazed at 1°C/min.
With the heating rate decrease, more silicon will diffuse into the substrate, thus the liquid
metal available to form the joint is decreasing.

Figure 4.5 (a) Triple line locations at the onset of forming the joint and (b) final triple
line locations before solidification (~20 mins later than (a)) when heated under 1˚C/min.
Equilibrium triple line location for different heating rates: (c) 5˚C/min, (d) 10˚C/min, (e)
40˚C/min. For better comparison, the red dashed line in (b) illustrates the original liquid
meniscus at the onset of joint formation as shown in (a).

As can be seen in Figure 4.6(a), at a higher heating rate, say, 60˚C/min, the fillet
triple line is specially smooth and the boundary is clearly defined when the braze alloy is
in liquid state (before solidification). However, when it is solidified, the image becomes
fuzzy at the joint area, indicating a non-smooth fillet boundary. We define this as the
inhomogeneous solidification. Small bumps, which are a liquid residue after solidification,
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are observed on the non-joint area. This phenomenon has been also noticed from the
vertical view when brazed using a hot stage microscope. The triple line moving front is in
parallel with the joint seam, which indicates a uniform joint formation [89]. However, after
solidification, the boundary becomes non-uniform. This non-uniform solidification is not
obvious at lower heating rates, say, 5˚C/min, as shown in Figure 4.6(b).

Figure 4.6 Samples images before solidification and after solidification in the OCA
system when brazed at (a) 60˚C/min and (b) 5˚C/min.

Figure 4.7 offers the re-solidified sample appearance when brazed at 40˚C/min. The
blue dashed line marked in the left image depicts the non-uniform fillet size along the joint
seam due to inhomogeneous solidification. There is also a tiny amount of liquid residue
observed on the brazing sheet, which is not drawn by capillary force to form the joint. The
micrograph of the re-solidified liquid residue is given in the right picture.
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Figure 4.7 Inhomogeneous fillet size along the joint seam and liquid metal residue on the
brazing sheet when brazed at 40˚C/min, (images taken by Keyence VHX6000).

A comparison of a fillet along the joint seam and a re-solidified liquid metal residue
on the brazing sheet is given in Figure 4.8. The brazed joint is the most non-uniform and
the quantity of re-solidified liquid residue is at the maximum when brazed at higher heating
rates, e.g. 40˚C/min (Figure 4.8(a)). When the heating rate decreases, say at 10˚C/min and
5˚C/min, the joint becomes more uniform and the quantity of liquid residue decreases, (see
Figure 4.8(b-c)). But when heating rate decreases further to 1˚C/min, which is deleterious
for brazing, the joint becomes discontinuous at some locations and grain boundaries
become visible as depicted in Figure 4.8(e). The non-joint area showed in Figure 4.8(f)
illustrates the thickest oxidation layer compared to the same at other heating conditions.

64

Figure 4.8 Fillet along the joint seam and liquid metal residue on the brazing sheet. (a)
40˚C/min, (b) 10˚C/min, (c) 5˚C/min, (d) 1˚C/min, (e) magnified image of the joints are
red squared in (d). (f) magnified image of the non-joint area black squared in (d). (Images
taken by Keyence VHX7000).

65

Micrographs of the joints brazed at various heating rates of 1˚C/min, 5˚C/min,
10˚C/min and 40˚C/min are illustrated in Figure 4.9. More erosion was observed, especially
at the vertical substrate, when brazed at 1˚C/min compared to those brazed at higher heating
rates. The fillet size seems to be smaller when brazed at 40˚C/min than that brazed at
10˚C/min. This is due to the occurrence of inhomogeneous solidification during the cooling
process, which makes the fillet size differ at various locations along the joint seam as
illustrated in Figure 4.7.

Figure 4.9 Micrographs of the joint brazed at various heating rates: (a) 1˚C/min, (b)
5˚C/min, (c) 10˚C/min. (d) 40˚C/min.
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Figure 4.10 Designation of the leg lengths of the joint fillet on both left and right sides,
represented as the equilibrium triple line locations for a T-joint.

To interpret the fillet size more accurately, the equilibrium triple line location is
used, since the surface profile of the fillet is uniform in liquid state. The leg lengths of the
joint fillet on both left and right sides, represented as the equilibrium triple line locations,
are designated in Figure 4.10. Vertical length of the left (Yl) and right (Yr) of the joint, and
horizontal length of the left (Xl) and right (Xr) of the joint can be easily identified.
Measurements indicate that the vertical length equals to the horizontal lengths for a given
joint fillet, i.e. the leg length ratio, Xl/Yl or Xr/Yr ≈ 1. This was also demonstrated by Terrill
[49] and Kawase [110] when brazed with AA3003. Miller [118] also found that the leg
length ratio equals 1 when the vertical length (Yl or Yr) is smaller than 3.81 mm (0.15 in).
Afterward, the horizontal length becomes gradually greater than the vertical length.
Though leg length ratio is almost 1, the fillet size may vary from the left to the right side,
as shown in Figure 4.5(b). Figure 4.11 gives the fillet size for joints brazed at different
heating rates for the left and right joints. One can see that for the lowest heating rate, say
1°C/min, joint size is the smallest. As heating rate increases, the joint size increases
correspondingly, but after 10°C/min, the joint size would not change significantly.
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Figure 4.11 Joint size of the left and right side brazed at different heating rates, with
error bars showing the standard deviation for 3 repeat experiments.

Terrill [49] proposed an empirical method for determining the joint area. However,
this method may underestimate the joint area. In this study, Image-Pro Plus software was
used to measure the joint area using the equilibrium triple line images as shown in Figure
4.5.

4.3.2.2 Modeling and find the liquid-solid diffusion coefficient
According to Sekulic [7,111], the equivalent clad thickness that can form the joint
is defined as:
𝛿𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 𝛿 − 𝛿𝑟𝑒𝑠𝑖𝑑𝑢𝑒
(4-1)
= 𝛿 − 𝛿𝑑𝑖𝑓𝑓 − (𝛿 − 𝛿𝑑𝑖𝑓𝑓 )𝑓𝑠𝑜𝑙𝑖𝑑 − ∑𝛿𝑖
Where, δequivalent, δ and δresidue represent the equivalent thickness of cladding that
can form liquid metal to make a joint, the clad thickness of the brazing sheet, and the
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residue clad thickness, respectively. δdiff corresponds to the thickness of silicon depleted
zone in the cladding. 𝑓𝑠𝑜𝑙𝑖𝑑 indicates the solid fraction for a given Al-Si alloy at the peak
temperature. ∑𝛿𝑖 is a set of residue formation contributing thickness in excess of the
second and third dominant terms. These contributions account for the influences of
eventual molten metal viscosity effects, a reaction flow of molten clad over the core
substrate, shrinkage effects, etc.

Figure 4.12 (a) Illustration of the residue layer, and the equivalent clad thickness
available to form the joint in a brazing sheet; (b) Joint formation when brazed with a
vertical mating surface.

The equivalent thickness (δequivalent) of the clad that form a joint is defined as the
difference between the clad thickness (δ) and the residue clad thickness (δresidue), of which
the latter is caused by silicon diffusion (δdiff), solid fraction of the liquid, and the viscosity
effect, etc. (∑𝛿𝑖 ). Figure 4.12 gives an illustration of the equivalent clad thickness shown
in Equation (4-1). In this study, the contribution marked as ∑𝛿𝑖 is assumed to be negligible.
It is observed from the micrographs that nearly all the Al-Si eutectic phase is located at the
joint area especially at lower heating rates, meaning that almost all the liquid forms the
joint domain due to capillary force. Only few residue spots, refer to Figure 4.7, are noticed
at locations other than the joint area. This phenomenon usually takes place at higher heating
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rates, say, 10 - 60˚C/min (Figure 4.8(a-b)). We hypothesize that this is due to the oxide
hold-up or a viscosity-surface tension trade-off. If ∑𝛿𝑖 can be neglected, then Equation
(4-1) would be reduced to
𝛿𝑒𝑞𝑢𝑖 = (𝛿 − 𝛿𝑑𝑖𝑓𝑓 ) × (1 − 𝑓𝑠𝑜𝑙𝑖𝑑 )
𝑓𝑠𝑜𝑙𝑖𝑑 =

𝑐𝑙 − 𝑐𝑖
𝑐𝑙 − 𝑐𝑠

(4-2)
(4-3)

Where, 𝑐𝑙 is the silicon concentration characteristic values at the liquidus line at a
given temperature (which is 9.4 wt% at 600˚C). 𝑐𝑠 represents the silicon solid solubility in
Al, which is 1.1 wt% at 600˚C. 𝑐𝑖 indicates the initial Si concentration in the Al-Si alloy,
which is 10.6 wt% in this study.
From the Al-Si phase diagram [99], 𝑐𝑙 = 9.4 wt% and 𝑐𝑠 = 1.1 wt% at T = 600°C.
In this study, the initial silicon content 𝑐𝑖 is 10.6 wt% (𝑐𝑖 > 𝑐𝑙 ), thus the clad can be fully
melted at the peak temperature. 𝑓𝑠𝑜𝑙𝑖𝑑 = 0.
According to Terrill [49], the silicon depleted thickness is described as:
𝛿𝑑𝑖𝑓𝑓 = 𝐶 √𝐷𝑡𝑡𝑜𝑡𝑎𝑙

𝑐𝑠
𝑐𝑖

(4-4)

Where, 𝛿𝑑𝑖𝑓𝑓 corresponds to the thickness of silicon depleted zone in the cladding
(m). 𝐶 is a constant, which equals 1.1284. 𝐷 and 𝑡𝑡𝑜𝑡𝑎𝑙 represent the diffusion coefficient
of silicon in aluminum (m2/s), and the diffusion time (s), respectively. √𝐷𝑡𝑡𝑜𝑡𝑎𝑙 is also
known as the characteristic diffusion length (m) [54].
Then, Equation (4-2) can be further simplified to
𝛿𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 𝛿 − 𝛿𝑑𝑖𝑓𝑓
= 𝛿 − 𝐶 √𝐷𝑡𝑡𝑜𝑡𝑎𝑙
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𝑐𝑠
𝑐𝑖

(4-5)

According to the phase diagram [99], the liquidus temperature for Al - 10.6 Si alloy
is 590˚C. Thus, the silicon diffusion process can be divided into two segments. Solid
diffusion will be considered before the clad melting; after melting, liquid diffusion will
take place. More specifically speaking, at the temperature range of 540˚C - 590˚C, solid
diffusion happens; after reaching the liquidus of 590˚C, clad melts and liquid diffusion
starts and it will last through heating up to the peak temperature at 600˚C, dwelling for 2
minutes and then cooling to 590˚C. The starting temperature of 540˚C is chosen because
solid diffusion becomes sizable since this temperature. The end cooling temperature of
590˚C is selected since after this temperature, silicon diffusion will not affect the fillet size
anymore.
Previous studies all used the diffusion coefficient as a constant value at either the
preheat temperature [49] or the peak temperature [42] and only considered the diffusion at
the dwell time. However, diffusion happens during the whole heating process and the
diffusion coefficient varies with time, owing to changes in temperature. Then the product
of 𝐷𝑡𝑡𝑜𝑡𝑎𝑙 in Equation (4-5) can be given by the equation:
𝑡𝑡𝑜𝑡𝑎𝑙

𝐷𝑡𝑡𝑜𝑡𝑎𝑙 = ∫

𝑡1

𝑡𝑡𝑜𝑡𝑎𝑙

𝐷(𝑡)𝑑𝑡 = ∫ 𝐷𝑠𝑜𝑙𝑖𝑑 (𝑡)𝑑𝑡 + ∫

0

0

𝑡1

𝐷𝑙𝑖𝑞𝑢𝑖𝑑 (𝑡)𝑑𝑡

(4-6)

Where, 𝑡𝑡𝑜𝑡𝑎𝑙 is the total diffusion time counting from 540˚C and cooling to 590˚C,
𝑡𝑡𝑜𝑡𝑎𝑙 = 𝑡1 + ∆t. 𝑡1 and ∆t represent the solid diffusion time, and the liquid diffusion time
(s), respectively. Dsolid and Dliquid correspond to the silicon solid diffusion coefficient and
the liquid diffusion coefficient (m2/s).
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1) For solid diffusion segment (heating from 540˚C to 590˚C):
The Arrhenius equation provided by Fujikawa [47] is used.
𝐷𝑠𝑜𝑙𝑖𝑑 = 2.02 × 10−4 × exp (−

136000
)
RT

T = 540 + 273 + kt

(4-7)
(4-8)

Where, T is the temperature at a given time (K). k is the heating rate (˚C/min). t is
the heating time counting from 540˚C. R is the gas constant (J/mol/K).

2) For liquid diffusion segment (590˚C - 600˚C - cool to 590˚C):
Since the temperature range for the liquid diffusion mechanism taking place is
relatively small (10˚C), an average liquid diffusion coefficient, ̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 , is introduced.
Equation (4-6) can be simplified as follows.
𝑡𝑡𝑜𝑡𝑎𝑙

𝐷𝑡𝑡𝑜𝑡𝑎𝑙 = ∫

𝑡1

𝐷(𝑡)𝑑𝑡 = ∫ 𝐷𝑠𝑜𝑙𝑖𝑑 (𝑡)𝑑𝑡 + ̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 𝑡2

0

0

(4-9)

In this way, D(t) is a piece-wise function. The first segment of the function (0 <
t < 𝑡1 ) is the solid diffusion domain described by the exponential relationship of Equation
(4-7); the second part (𝑡1 < t < 𝑡𝑡𝑜𝑡𝑎𝑙 ) is an uniform distribution described by the average
liquid diffusion coefficient, ̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 . The area enclosed by the curve of D(t) and the x-axis
equals to D𝑡𝑡𝑜𝑡𝑎𝑙 .
The joint area at different heating rates is measured using the equilibrium triple line
images. Since the length of a joint seam is known (10 mm), the volume of the joint for each
heating condition can be calculated. Hence, by dividing this volume (density considered
homogeneous and invariant in time) with the product of the length and width of the brazing
sheet (30 mm × 10 mm), the equivalent thickness, 𝛿𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 , can be determined (taking
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into account the imposed assumptions). The silicon depleted zone thickness 𝛿𝑑𝑖𝑓𝑓 can be
evaluated using Equation (4-5), thus D𝑡𝑡𝑜𝑡𝑎𝑙 is known. Using Equation (4-9), the average
liquid diffusion coefficient, ̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 can be calculated. Given the volume values for various
heating rates, the liquid diffusion coefficient is calculated as ̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 = 3.63 × 10-11 m2/s.
The plots of D(t) vs. time for different heating conditions are given in Figure 4.13. The
𝑡

integration, ∫0 𝑡𝑜𝑡𝑎𝑙 𝐷(𝑡)𝑑𝑡, which, as stated, the area enclosed by the curve of D(t) and the
x axis, is the largest for heating rate of 1˚Cmin, and it decreases with the heating rate
increases. Thus, the thickness of silicon depleted zone in the cladding, 𝛿𝑑𝑖𝑓𝑓 , is the largest
at 1˚Cmin, which means the least liquid metal is available to form the joint.

Figure 4.13 Diffusion coefficient vs. time for various heating rates.

The result of using this value to predict the joint volume for two sides of the joint
and the comparison with the experiment result is tabulated in Table 4.2. Good agreement
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was achieved for the experimentally measured data and theoretically predicted data. The
error is within 2% - 5%, which indicates an excellent agreement.

Table 4.2 Prediction of the joint volume using the average liquid diffusion coefficient
-11
̅̅̅̅̅̅̅̅̅
(𝐷
m2/s) and comparison with the experimental result.
𝑙𝑖𝑞𝑢𝑖𝑑 = 3.63 × 10

1˚C/min

5˚C/min

10˚C/min

15˚C/min

20˚C/min

40˚C/min

60˚C/min

t1: solid diffusion time, (s)

3000

600

300

200

150

75

50

∆t : liquid diffusion time, (s)

820

340

280

260

250

235

235

ttotal = t1+∆t: total time, (s)

3820

940

580

460

400

310

285

3.21E-08

1.28E-08

1.04E-08

9.58E-09

9.18E-09

8.58E-09

8.38E-09

√𝑫𝒕𝒕𝒐𝒕𝒂𝒍 , (m)

1.79E-04

1.13E-04

1.02E-04

9.79E-05

9.58E-05

9.26E-05

9.16E-05

δdiff (µm)

20.99

13.23

11.93

11.46

11.22

10.85

10.72

4.01

11.77

13.07

13.54

13.78

14.15

14.28

Volume available (µm )

1.20E+09

3.53E+09

3.92E+09

4.06E+09

4.13E+09

4.25E+09

4.28E+09

Volume in experiment (µm3)

1.27E+09

3.40E+09

4.00E+09

3.93E+09

4.14E+09

4.02E+09

4.11E+09

Error (%)

5.05

3.82

2.03

3.39

0.08

5.48

4.34

𝐭 𝐭𝐨𝐭𝐚𝐥

∫𝟎

𝐃(𝐭)𝐝𝐭, (m2)

δequivalent (µm)
3

The mean liquid diffusion coefficient ̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 = 3.63 ×10-11 m2/s is calculated based
on the following conditions: 1) the liquid diffusion range starting temperature is 590˚C; 2)
the silicon solid solubility in aluminum, 𝑐𝑠 , used in Equation (4-5) is 1.1 wt%, which is
evaluated at 600˚C. Alternative conditions may also be taken into consideration. For
example, the liquid diffusion may already take place at the solidus line at 580˚C, which
will affect both the solid and liquid diffusion time and as a result, influencing the value of
liquid diffusion coefficient; In addition, the silicon solid solubility in aluminum, 𝑐𝑠 , is
changing with temperature. Thus, the boundary condition of the error function showed in
Equation (4-5) may also change. The current GDOES or EDS measurement is not sensitive
enough to tell the difference. This also affects the calculation of the liquid diffusion
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coefficient. Table 4.3 illustrates the average liquid diffusion coefficient of Si at around
600˚C calculated depending on discussed different conditions. The values vary from 1.10
×10-11 to 3.63 ×10-11 m2/s depending on different liquid diffusion starting temperature and
silicon solubilities. These numbers are an order of magnitude larger than that of the pure
solid diffusion coefficient of Si, which is 1.47 × 10-12 m2/s as indicated in Table 4.1.

Table 4.3 Average liquid diffusion coefficient of Si at around 600˚C calculated
depending on different conditions.
̅̅̅̅̅̅̅̅̅
𝐷𝑙𝑖𝑞𝑢𝑖𝑑 (m2/s)
Liquid diffusion starts from
Liquidus: 590˚C
Liquid diffusion starts from
Solidus: 580˚C

4.4

Silicon solubility at the Al-Si solid state (𝑐𝑠 )
1.1 wt% (at 600˚C)

1.5 wt% (at 580˚C)

3.63 × 10-11

1.81 × 10-11

2.10 × 10-11

1.10 × 10-11

Conclusion
Silicon diffusion process prediction is essential for an assessment of the volume of

clad metal of a composite sheet available to flow into the joint. Moreover, it affects the
substrate dissolution in thermal treatment (e.g., brazing) process. This chapter offers a
study of both solid and liquid state of Si diffusion across the clad-core interface, including
1) solid state Si diffusion before clad melting, and 2) liquid state Si diffusion after clad
melting.
No sizable diffusion is observed when the temperature is lower than or equal to
350˚C. The corresponding diffusion coefficient for 450˚C and 550˚C are found to be 3.07
× 10-14 m2/s and 3.52 × 10-13 m2/s, respectively.
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Si diffusion has been studied under different heating rates. In the presence of a
mating surface, the joint size increases with the heating rate increase. When the heating
rate reaches 10˚C/min, joint size does not change markedly with a further increase in
heating rate. Using the joint size obtained under different heating conditions and modeling
the joint formation, the liquid diffusion coefficient is calculated to be between 1.10 ×10-11
to 3.63 ×10-11 m2/s at around 600˚C depending on considered conditions. These values are
an order of magnitude larger than that of the pure Si solid diffusion coefficient.
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CHAPTER 5. ALUMINUM BRAZE CAPILLARY FLOW IN A WETTING/NONWETTING SYSTEM: INVESTIGATION OF THE GRAVITY AND
SURFACE TOPOGRAPHY IMPACT ON THE WETTING BEHAVIOR
5.1

Overview
A number of theoretical models and quantitative experimental observations have

been developed to give a scientific understanding of the wetting phenomena [9]. Both nonreactive [119] and reactive wetting [34,41] are widely discussed. For example, wetting
behavior on substrates having different surface topographies (i.e. different roughness,
grooves’ profiles, etc.) [20,33,44,120] and the effect of gravity on wetting are extensively
studied [16]. Comprehensive research has been made for both wetting and non-wetting
cases. However, the combination of wetting/non-wetting phenomena is less studied.
Chapter 4 has addressed the aluminum alloy capillary flow in a wedge-tee wetting
assembly, of which, both the horizontal and vertical substrates feature wetting properties
for the molten alloy. In this chapter, the horizontal wetting surface will be replaced with a
non-wetting surface, and the Al-Si molten alloy capillary flow in a combination of wetting
and non-wetting system will be investigated.
The first part of this chapter is the benchmark study, which provides the sessile
drop experiments of Al-Si alloy on the wetting AA3003 substrates, and the non-wetting
alumina substrates, respectively.
In the next part, the Al-Si molten alloy capillary flow in an AA3003/Al2O3 wedgetee configuration (a wetting/non-wetting assembly) is studied. One of the two components
(the horizontal) was alumina, while the other, the vertical piece, is made of AA3003.
TRILLIUM® composite (an Al-Si alloy with flux embedded) in a liquid state wets AA3003
only. When heated, molten TRILLIUM® climbs the vertical AA3003 piece driven by
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surface tension and retarded by gravity, thus forming a surface tension - gravity driven free
surface configuration.
Both gravity and surface topographies affect the wetting behavior. Five different
inclination angles of the vertical AA3003 substrate were tested to uncover the impact of
the spreading plane orientation in the gravity field on the capillary flow process. Mass of
the to be melt Al-Si alloy was also altered to weigh the importance of the gravity and the
capillary force. In order to uncover the influence of surface topographies, wetting of the
molten alloy on three different surface roughness, characterized with two primary microgrooves’ directions (horizontal or vertical), were discussed.
Samples were exposed to a CAB brazing cycle with a 40°C/min heating rate. Using
a CCD camera, the melting and wetting processes were monitored in real time, in situ.
Kinetics of triple line locations and dynamic contact angle of the molten alloy capillary
flow are studied. In the meantime, the gravity and surface roughness effects are validated.
The capillary length, a length when gravity and capillary force are balanced, is calculated
for the molten alloy. Finally, a detailed discussion on the microstructure of the re-solidified
sample and analysis of residues on the alumina is performed. The microstructure of the resolidified sample features a phase segregation, which in turn affects the triple line
movement and the wetting process. Phase field modeling results from Washington State
University, a joint collaborative work, are given in Appendix A. Some details of this study
have been published in [121].
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5.2

Benchmark study: sessile drop of TRILLIUM® composite on wetting and nonwetting surfaces

5.2.1

TRILLIUM® composite on AA3003 wetting surface
Figure 5.1 shows the sessile drop of TRILLIUM® composite (Al-10Si with

KxAlyFz flux embedded) spreading on an AA3003 substrate after reaching an equilibrium
state. According to Fu [14], the contact angle in this configuration is 6.9˚±2.7˚. Apparently,
the liquid composite wets the substrate very well.

Figure 5.1 Sessile drop of TRILLIUM® composite on an AA3003 substrate, the contact
angle is measured to be 6.9˚±2.7˚. Reprinted from [14] with permission.

When extra Nocolok® flux is added (an emulsion of potassium-fluoro-aluminate),
the sequence of the wetting process is presented in Figure 5.2. Figure 5.2(a-e) offer the
frames of the instants of time before heating, the onset of flux melting, braze melting, braze
wetting, and the end of the wetting/spreading, respectively. Figure 5.2(f) is an enlargement
picture of the sessile drop showed in Figure 5.2(e), to better illustrate the contact angle.
With at least 3 test repetitions, the contact angle of TRILLIUM® composite on an AA3003
substrate when extra flux is applied is measured to be 2.63˚±0.37˚, even smaller than that
presented in Figure 5.1, which is as expected due to an additional flux.
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Figure 5.2 Sessile drop of TRILLIUM® composite on an AA3003 substrate when extra
flux is applied: (a) before heating, (b) flux starts melting, (c) braze starts melting, (d)
onset of the braze wetting, (e) ending of the wetting, (f) an enlarged picture of the sessile
drop in (e) to better show the contact angle (2.63˚±0.37˚).

5.2.2

TRILLIUM® composite on an alumina (Al2O3) non-wetting surface
Figure 5.3 depicts the sessile drop of TRILLIUM® composite on an alumina non-

wetting substrate. Before heated, a TRILLIUM® bar with a mass of 12.5 mg is settled on
the alumina surface. After heating is imposed, it begins to melt and form a ball (see Figure
5.3(b)), which demonstrates a status of perfect non-wetting. The contact angle is nearly
180˚. As time goes by, the flux, which is embedded in the braze alloy, is released and the
alloy begins to wet the substrate to some extent, thus forming a sessile drop establishing a
partial non-wetting condition. The final equilibrium shape is shown in Figure 5.3(c).
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Figure 5.3 Sequences of a sessile drop of TRILLIUM® composite wetting on an alumina
non-wetting substrate. (a) before heating, a bar with a mass of 12.5 mg, (b) intermediate
frame of melting, perfect non-wetting, (c) final equilibrium shape, partial non-wetting.

Drops may lose the spherical shape under the influence of gravity for a larger mass
of formed liquid. Figure 5.4 illustrates the effect of mass of a sessile drop on the
macroscopic contact angle. Different masses of TRILLIUM® composite were studied,
including 12.5 mg, 100 mg and 2725 mg. With the mass of the brazing alloy increased, the
macroscopic surface profile of the sessile drop changes from more or like a sphere shape
to an oval shape, apparently due to gravity. As a result, the related macroscopic advancing
contact angle alters correspondingly.

Figure 5.4 Sessile drop of TRILLIUM® composite with different masses on alumina
non-wetting or partial wetting substrates: (a) m = 12.5 mg, (b) m = 100 mg, (c) m = 2725
mg.

Using the SCA20 software, the macroscopic contact angle in each case can be
measured. Figure 5.5 shows examples of measuring the contact angle using SCA20. The
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measurements were repeated at least 3 times for each sample and the results are listed in
Table 5.1. It can be easily drawn the conclusion that the macroscopic advancing contact
angle decreases when the mass increases. The contact angle is the maximum when the mass
is the least, say, 142.99˚ ± 1.89˚ at 12.5 mg; with the mass increases, the contact angle
drops to 126.13 ± 1.00˚ when the mass is 2725 mg. One should keep in mind the presence
of a released flux and surface interactions that both increase the error margins.

(a)

(b)

(c)
Figure 5.5 Examples of contact angle measurement using SCA20 software. (a) m = 12.5
mg, (b) m = 100 mg, (c) m = 2725 mg.
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Table 5.1 Macroscopic contact angle of the TRILLIUM® sessile drop at different masses
on alumina non-wetting substrates.
Mass of the braze

Contact angle

12.5 mg

142.99˚ ± 1.89˚

100 mg

138.92˚ ± 0.92˚

2725 mg

126.13 ± 1.00˚

The sessile drop of TRILLIUM® on wetted AA3003 substrate and non-wetted
alumina substrate has been studied in this section. Next, the spreading of molten
TRILLIUM® in a wedge-tee system including both wetting and non-wetting substrates will
be discussed, in which, the horizontal mating surface is the non-wetting alumina surface,
the vertical piece is the wetting AA3003 substrate.

5.3
5.3.1

Materials and experimental procedures
Sample configurations: the basic configuration setting
The 3D configuration of the aluminum alloy/alumina wedge-tee assembly is

illustrated in Figure 5.6(a). Figure 5.6(b) further depicts the front view of the sample. The
horizontal substrate is 96% alumina (Al2O3). It was cut into coupons with dimensions of
20 mm × 15 mm × 1.02 mm using a diamond saw. The vertical piece is AA3003 with
dimensions of 15 mm × 10 mm × 0.39 mm. The third participant, the to be melted Al-Si
alloy, is the so-called TRILLIUM®. This composite was prepared in form of a small bar,
having a mass of 100 ± 0.4 mg and approximately a size of 10 mm × 2.5 mm × 1.6 mm.
This alloy was pre-placed on the alumina substrate, in parallel with the vertical AA3003
piece. The location of the pre-placed alloy is at a small distance (of around 0.6 mm) from
the vertical mating surface. TRILLIUM® composite is a metal matrix of Al-10Si alloy with
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embedded potassium-fluoro-aluminate flux [92,93,122]. The optical microscope and SEM
images of this alloy specimen are illustrated in Figure 5.7(a-b). EDS mapping of F, K in
Figure 5.7(c) illustrates the flux distribution within the TRILLIUM® composite. The liquid
metal formed upon heating wets the vertical AA3003 only. The small gap between the
TRILLIUM® composite and AA3003 is to ensure melting of the composite before
contacting and climbing over the vertical AA3003 piece. Two K-type thermocouples touch
the upper side of the alumina substrate to control the furnace temperature history and to
record the surface temperature. A stainless-steel wire with a gauge of 0.38 mm was used
to fix the sample assembly, positioning the vertical AA3003 mating surface onto a ceramic
base.

Figure 5.6 Sample configuration: (a) 3-D view; (b) front view; (c) front view when the
sample is rotated counterclockwise, AA3003 having an inclination of 60°to the
horizontal line.
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Figure 5.7 (a) Optical microscope and (b) SEM images of the TRILLIUM® composite.
(c) EDS mapping Si, F, K in the area yellow squared in (b).

5.3.2

Gravity effect on the wetting process

5.3.2.1 Inclination
In order to study how an orientation in a gravity field affects the wetting of liquid
TRILLIUM® composite (Al-Si alloy) on AA3003, variable inclinations were imposed for
the sample assembly. Figure 5.6(b) shows that to facilitate such set of experiments, the
sample assembly was positioned on a D-shaped ceramic hot zone inner tube-stand (in the
cylindrical chamber furnace, refer also to the side view (A-A) of the furnace in Figure
5.10). This D-shaped ceramic tube can be rotated, hence allows for achieving variable
inclinations of the assembly. Figure 5.6(c) illustrates the front view when the sample is
rotated counterclockwise, making AA3003 having an inclination of 60°to the horizontal
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plane. We define the inclination angle as the angle between the AA3003 surface and the
horizontal plane. If one rotates the assembly counterclockwise further, 45°, 30°, 0°
inclinations can be obtained. The 0°degree corresponds to the situation when the AA3003
plane is in the horizontal orientation (orthogonal to the gravity field). In this study,
inclinations of 90°, 60°, 45°, 30°, and 0°were discussed.

5.3.2.2 Mass of molten alloy
The amount of braze alloy (mass) will affect the wetting distance and change the
final equilibrium shape due to the gravity force. In order to approach to a tradeoff between
the gravity and the capillary force, different masses of melting alloys were used, say 100,
50, 25, 12.5 mg. The wetting distance and surface profile were studied.

5.3.3

Surface roughness.
Surface roughness will affect the wetting process. In order to study wetting of liquid

TRILLIUM® composite (Al-Si alloy) on different AA3003 surface topographies, three
different surface roughness conditions were imposed by grinding AA3003 using SiC paper
with different grits. Figure 5.8(a-c) shows the three different topographies of the AA3003
made visible by using Zygo New ViewTM 7300 3D optical surface profiler. A virgin
AA3003 piece already has shallow grooves (micro-channels) formed during the rolling
process. It has a roughness of Ra = 0.41 ±0.03 µm. The AA3003 grinded by #220 and #50
SiC paper has a roughness of Ra = 1.74 ±0.09 µm and 5.03 ±3.18 µm respectively. Figure
5.8(d) shows the topography of the alumina substrate with a surface roughness of 2.00 ±
0.04 µm. Note that the surface roughness measurements were made at least at 3 spots with
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a scanning area of 0.27 mm × 0.27 mm (10 measurements for each spot). The present
roughness features two primary micro-grooves’ directions (horizontal or vertical). Figure
5.9 shows the schematic diagram of the vertical and horizontal grooves on AA3003.
Note that the surface roughness of AA3003 in the aforementioned Sections 5.3.1
and 5.3.2 are all virgin AA3003 with vertical grooves, refer to Figure 5.8(a) and Figure
5.9(a).

Figure 5.8 3D scanning images of the topography of AA3003 and alumina substrates
measured by Zygo New ViewTM 7300 3D optical surface profiler: (a) Virgin AA3003, Ra
= 0.41 ±0.03 µm; (b) AA3003 grinded by #220 SiC paper, Ra = 1.74 ±0.09 µm; (c)
AA3003 grinded by #50 SiC paper, Ra = 5.03 ±3.18 µm; (d) Alumina substrate, Ra =
2.00 ±0.04 µm. Scanning area is 0.27 mm × 0.27 mm. Ra is the arithmetic mean
roughness value.
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Figure 5.9 Schematic diagram of the grooves on AA3003 surface: (a) vertical grooves;
(b) horizontal grooves

5.3.4

Equipment configuration.
Figure 5.10 shows the schematic of the high-temperature optical contact angle

(OCA) measuring system. This facility is a unique system manufactured by DATA
PHYSICS based on a customized specification. It consists of “OCA-15 LHT plus” videobased optical contact angle measuring instruments and an “HTFC 1200” high-temperature
furnace. It also has a capability to control the background atmosphere in the furnace. The
CCD camera, furnace hot zone axis, and the halogen back-light source are in perfect
horizontal alignment. Thus, a real time, in situ recording can be made in the furnace
cylindrical hot zone chamber. Two K-type thermocouples were in contact with the alumina
substrate. One is used to provide feedback to control the furnace hot zone, the other is
connected to a Labview hardware to record temperature history. Note that the furnace is
driven by Joule-heating, thus the hot zone chamber features a presence of a corresponding
induced magnetic field. A ferromagnetic object put into the chamber would feature a
vibration, thus a stainless-steel base holder is not recommended. Instead, a ceramic base
holder is used here.
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Figure 5.10 Schematic of the high-temperature optical contact angle (OCA) measuring
system.

5.3.5

Experiment procedures.
Before testing, all the components of sample assemblies were ultrasonically

cleaned in soapy water, water, and finally in 95% ethanol for at least two minutes to
eliminate the oil deposits and any eventual other chemical residues. Subsequently, the
assemblies were dehydrated in air. Ultra-high purity nitrogen (99.999%) has been used to
purge the furnace chamber at 472 cm3/min (1 scfh) for 2 hrs, resulting in the O2
concentration level below 50 ppm before the execution of the test. Nitrogen is continuously
provided at the same rate during the test. Subsequently, the samples were exposed to a
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controlled atmosphere brazing (CAB) cycle starting from the room temperature (22°C) to
610°C at a heating rate of 40°C/min, followed by a dwell time of 3 mins, and then exposed
to natural cooling. The sample temperature history is illustrated in Figure 5.11.

Figure 5.11 Sample temperature history

5.4
5.4.1

Results and discussion
Molten alloy capillary flow in the basic setting

5.4.1.1 Five stages of the melting and wetting/non-wetting process
The molten alloy capillary flow for the basic setting (as can be seen in Figure 5.6(ab)) will be discussed first. When heated, TRILLIUM® composite will melt and climb the
vertical AA3003 piece driven by surface tension, hence forming ultimately a surface
tension - gravity driven equilibrium free surface. A CCD camera gives a real time, in situ
recording of this process at a frame rate of 25 fps. Figure 5.12 illustrates the 5 stages of the
process. As shown in Figure 5.12(a), before heated, TRILLIUM® composite was preplaced at a small distance (of around 0.6 mm) from the vertical mating surface to ensure
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melting of the composite before contacting and climbing over the vertical AA3003 piece.
Figure 5.12(b) shows the TRILLIUM® composite at the onset of melting, forming a
cylinder-shaped bar. Due to the non-wetting between the liquid metal and the alumina
substrate, the liquid metal bar starts to “congregate”, forming a ball (one can observe that
the diameter of the liquid circular shape is larger in Figure 5.12(c) than that in Figure
5.12(b)). Because of the diameter expanding, the liquid metal would ultimately touch and
subsequently “climb” the vertical AA3003 piece driven by surface tension. Figure 5.12(d)
depicts a frame during the climbing process. The instant from the onset of melting to
climbing happens in just a few seconds. However, it takes longer to reach equilibrium. This
is because surface tension and inertia dominate at the early stage; but at the later stages,
gravity and viscosity retard the spreading. The ultimate equilibrium state is indicated in
Figure 5.12(e). The whole wetting process takes about 2 minutes. Within this time,
interfacial reaction between the AA3003 and molten TRILLIUM® composite continues to
take place.

Figure 5.12 Five stages of the melting and wetting/non-wetting process: (a) before
melting, (b) onset of melting, (c) congregating, (d) climbing, (e) equilibrium.
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5.4.1.2 Kinetics of the molten alloy capillary flow
The kinetics monitoring takes place from the moment when the molten alloy nearly
touches the vertical substrate as shown in Figure 5.12(c). The triple line movement and
macro advancing/receding contact angle evolution during the wetting process were
monitored in real time, in situ.
Figure 5.13(a) offers the free surface profiles at characteristic instants of time:
(i) t = 0 s, an onset of the kinetics evolution. Point A is the location where the filler
will first touch the vertical AA3003 substrate, thus it serves as the starting point for the
advancing triple line movement (experimental observation). Point B is the starting point
for the receding line movement.
(ii) t = 0.2 s, molten alloy touches the vertical AA3003 substrate and starts to wet
the vertical AA3003 substrate.
(iii) t = 1.8 s, an illustration of advancing and receding movements, respectively.
Advancing triple line moves from point A and advances upward along the y-axis, while
the receding triple line shifts from point B and recedes along the x-axis to the point O.
(iv) t = 2.8 s, most of the molten alloy is receded from the horizontal non-wetting
surface. Only a small amount of molten alloy is touching the ceramic surface at locations
of x = 0 - 0.64 mm. The receding macro contact angle reaches the largest value.
(v) t = 40.8 s, there is still a small amount of molten alloy left at the ceramic surface,
while the advancing triple line location is already close to the final equilibrium state.
(vi) t = 60.8 s, equilibrium. All the molten alloy receded from the horizontal ceramic
surface and move to the vertical AA3003 substrate. Advancing triple line will not move
forward anymore, which means the wetting process has reached an equilibrium. θ1 and θ2
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are the equilibrium contact angle for advancing and receding, respectively. Using the OCA
optical contact angle measuring device (DataPhysics Instruments) with the SCA 20
software, the advancing contact angle (θ1) at the final stage is measured to be 7.3 ± 0.3°.
The receding contact angle between the liquid metal and the alumina substrate (θ2) at the
final stage is 125.9 ±1.9°(note that the receding contact angle is always established on the
horizontal ceramic surface).

Triple line movement
Figure 5.13(b) provides the advancing triple line location and dynamic macro
contact angle kinetics of the molten alloy wetting on the vertical AA3003 substrate, and
Figure 5.13(c) offers the receding triple line location and macro contact angle kinetics of
the molten alloy de-wetting on the horizontal alumina substrate. Blue dashed lines show
the related times in Figure 5.13(a). Using these blue dashed lines, one can infer how the
triple line and macro contact angle are changing, including the corresponding liquid free
surface profile in Figure 5.13(a). Since the x-axis is logarithmic, the information at x = 0 s
is not displayed.
During the first 2 seconds, the large amount of liquid metal forming a ball shape,
sitting on the alumina substrate, will leave the substrate and climb along the vertical
AA3003, resulting in the triple line movement being the fastest in this short time period.
As the time goes by, the advancing speed of the liquid metal becomes slower due to gravity
and viscosity influences, as well as the host of interaction phenomena at the liquid/solid
interface. Finally, the advancing triple line will approach the equilibrium state,
asymptotically to a value of approximately 10 mm from the base surface as shown in Figure
5.13(b), for the given set of conditions.
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On the other hand, the liquid metal, initially on the alumina substrate, will be
exhausted at the equilibrium state. As illustrated in Figure 5.13(c), the receding line
decreases from 2.5 mm, stays at around 0.5 mm for a while, and ultimately will reduce to
0 mm at the final stage. The reason for the dwelling of the receding line will be discussed
in “Section 5.4.4 Microstructure”.

Contact angle
During the advancing process (see Figure 5.13(b)), the dynamic contact angle
between the molten alloy and vertical AA3003 decreases continuously from 44.3°at the
beginning to the final equilibrium (θ1 = 7.3 ±0.3°).
While, the kinetics of contact angle in the receding process behaves differently. At
t = 0 s, the receding contact angle is 164.7°. After experiencing a decrease and an increase,
as can be seen in Figure 5.13(c), one can observe that the receding contact angle reaches
the largest value (170.0°) at t = 2.8 s. After this instant of time, small amount of molten
alloy will dwell on the horizontal alumina surface until 40.8 s. In the meantime, receding
triple line location doesn’t sizably move, but the contact angle is continuously decreasing.
After 40.8 s, all the molten alloy starts to deplete from the horizontal substrate, and the
contact angle undergoes a sudden increase and finally reaches equilibrium (θ2 = 125.9 ±
1.9°).
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Figure 5.13 (a) Surface profiles at characteristic time instants: t = 0s, starting point for
the kinetics study; t = 0.2 s, molten alloy starts to touch the vertical AA3003 substrate; t =
1.8 s, an advancing and a receding melt movement; t = 60.8 s, advancing and receding
contact angles at the final stage. θ1 = 7.3 ± 0.3°, θ2 = 125.9 ±1.9°.
(b) Advancing triple line location and dynamic contact angle kinetics, and (c) Receding
triple line location and dynamic contact angle kinetics of the molten alloy in the
wetting/non-wetting process. Blue dashed lines show the corresponding times in (a).
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Three repeated tests were conducted. The kinetics of triple line movement and
contact angle change for the three repetitions are provided in Figure 5.14. Results show
identical trends, indicating good reproducibility of the experiments. The same stagnation
(either dwell at 1 mm or ~ 0.5 mm) of the receding triple line is noticed for all three
experiments.

Figure 5.14 (a) Advancing line location and contact angle vs. time for TRILLIUM®
composite on the as is AA3003 vertical grooves; (b) Receding line movement and contact
angle vs. time for TRILLIUM® composite on an as is AA3003 vertical grooves.
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5.4.2

Gravity effect on the wetting process

5.4.2.1 Inclinations
In order to uncover how gravity affects wetting and the equilibrium state free
surface configuration, a series of tests was conducted by rotating the whole assembly
counterclockwise. This facilitates the AA3003 plane to be with an inclination to the
horizontal plane of 60°, 45°, 30°and 0°respectively. Figure 5.6(c) shows the front view of
the sample assembly when AA3003 has an inclination of 60°to the horizontal plane level.
In this situation, liquid metal will climb on an inclined AA3003 surface instead of on a
perpendicular one (see Figure 5.6(b)). If one rotates further the whole assembly, ultimately
a 0°inclination of the AA3003 plane can be achieved. In this case, AA3003 is horizontal
and the liquid metal will wet the surface without a localized (along the spread direction)
change of the gravity impact, although in a 1-g gravity field).
Figure 5.15 shows the equilibrium state surface profiles of liquid TRILLIUM®
composite on AA3003, at inclinations of 90°, 60°, 45°, 30°and 0°respectively. These
images were processed by rotating the original images to the horizontal plane (except for
the inclination of 0°). It can be concluded that gravity has an influence on the wetting of
the liquid metal on AA3003. As the inclination angle gets smaller, the surface profiles get
“thinner” and changes from a non-symmetric bag-like shape with the contact angle at the
top equal to the equilibrium contact angle while the bottom contact angle differs due to
gravity, to a more symmetric sessile drop shape. The equilibrium advancing angle (θ1)
remains almost the same, but the equilibrium contact angle (θ2) between the alumina
substrate and the liquid metal becomes larger. Most importantly, the wetting distance gets
longer when the inclination of AA3003 is decreasing.
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Figure 5.15 Equilibrium state surface profiles of liquid TRILLIUM® composite on an
AA3003 at different inclinations to the horizontal plane: 90°, 60°, 45°, 30°, 0°. Note that
these images were processed by rotating the original images to the horizontal orientation.

Figure 5.16 offers the sample macro images of the wetting distance of the liquid
TRILLIUM® composite on AA3003 at inclinations of 90°, 60°, 45°, 30°and 0°. The values
of the wetting distance for five different settings were given in Figure 5.17. When the
AA3003 plane is in a vertical orientation (90°), the wetting distance is the smallest, 10.28
± 0.23 mm. However, after rotating the sample assembly and making AA3003 horizontal
(0°), the largest wetting distance can be obtained, which is 14.92 ±0.59 mm. The bar chart
in Figure 5.17 gives an additional insight into the wetting distance under different
inclinations, which in turn demonstrates the impact of gravity.
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Figure 5.16 Wetting distance of liquid TRILLIUM® composite on AA3003 at different
inclinations: 90°, 60°, 45°, 30°, 0°.

Figure 5.17 Wetting distance of liquid TRILLIUM® composite on AA3003 at different
inclinations: 90°, 60°, 45°, 30°, 0°.

5.4.2.2 Mass of molten alloy
Liquids have the ability to defeat gravity and create capillary bridges, move up
inclined planes, or rise in very small capillary tubes. There exists a particular length, named
capillary length (𝜅 −1 ), beyond which gravity becomes important [16].
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The capillary length is defined as [16]:
𝛾
(𝜌𝐿 − 𝜌𝐺 )𝑔

𝜅 −1 = √

(5-1)

Where, 𝜅 −1 represents the capillary length (m). γ indicates the surface tension (N/m). γ =
0.849 N/m for liquid TRILLIUM® composite [14]. 𝜌𝐿 and 𝜌𝐺 are the density of the liquid,
and the density of the gas, respectively (kg/m3). 𝜌𝐺 = 0.39 kg/m3 for N2 at 600°C at 1atm
[123]. g is the earth’s gravity (m/s2).
For silicon concentration from 0 to 15 wt%, the density (g/cm3) of liquid alloy is
given by [124]:
𝜌𝐿 = (0.3970 + 4.0924 × 10−5 𝑇 − 1.04 × 10−3 𝐶𝐿 )−1

(5-2)

Where, T is the temperature in degrees Celsius and CL is the weight percent of silicon.

In this experiment, T = 600°C, CL= 10.6 wt%. Thus, the density of TRILLIUM®
composite (𝜌𝐿 ) is 2435.9 kg/m3. Then the capillary length of liquid TRILLIUM® composite
is calculated to be 𝜅 −1 = 5.96 mm.
Gravity is negligible for sizes smaller than 𝜅 −1 . When this condition is met, it is as
though the liquid is in a zero-gravity environment and capillary effect dominates [16].
Thus, if a given quantity of liquid metal has a wetting distance on the vertical piece below
5.96 mm, the gravity effect can be neglected.
Figure 5.18 illustrates the equilibrium profile of different quantity of liquid Al-Si
(ranging from 12.5 mg to 100 mg) on vertical AA3003 substrates. One can observe that
when the quantity of liquid metal decreases, the wetting distance becomes smaller and the
surface profile becomes more symmetric. The profile changes from more or like a bag-like
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shape (Figure 5.18(a)), due to gravity, to a more symmetrical sessile drop shape (Figure
5.18(d)) on the vertical substrate. This demonstrates a gravity effect decreasing.

Figure 5.18 Equilibrium profile of different quantities of liquid TRILLIUM® on vertical
AA3003 substrates: (a) m = 100 mg; (b) m = 50 mg; (c) m = 25 mg; (d) m=12.5mg

Table 5.2 lists the wetting distance of the molten Al-Si at different masses on the
vertical AA3003 substrates. When the mass is the largest (100 mg), the wetting distance is
the maximum (10.28 mm). With the mass decreasing, the wetting distance decreases
accordingly. When the mass reduces to 25 mg, the wetting distance drops to 6.12 mm,
which is very close to the capillary length of TRILLIUM® composite (5.96 mm). One can
also observe in Figure 5.18 (c) that the surface profile is very close to a symmetric shape.
If further decreasing the mass to 12.5 mg, the wetting distance drops to 4.92 mm, which is
smaller than the capillary length (5.96 mm). This means that under this circumstance, the
capillary force dominates, and gravity effect can be neglected. This is also demonstrated in
Figure 5.18(d) that the surface profile is more symmetric compared to other cases.
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Table 5.2 Wetting distance of the molten TRILLIUM® at different masses on vertical
AA3003 substrates.

5.4.3

Mass (mg)

Wetting Distance (mm)

100

10.28 ±0.23

50

8.67

25

6.12

12.5

4.92

Wetting of TRILLIUM® composite on an AA3003 under variable surface
roughness
The impact (an order of magnitude) of the roughness has been assessed by

monitoring the spreading over the vertical AA3003 characterized by three different surface
roughness magnitudes (refer to Figure 5.8(a-c)). Moreover, vertical AA3003 specimens
feature two primary micro-grooves’ directions (horizontal or vertical) as shown in Figure
5.9.
It is observed that the wetting kinetics and the primary surface profile at the
equilibrium state feature similar behaviors for all surfaces in the front view, irrespective of
the imposed roughness and groove directions. However, more apparent differences
between samples can be noticed on AA3003 in the side view. As shown in Table 5.3, for
the vertical grooves cases, a clear boundary line between the AA3003 and the molten liquid
metal can be recognized when the surface is non-grinded. Nevertheless, the boundary gets
fuzzy when the surface gets rougher, say in #220 and #50 SiC grinded cases. This is
because liquid metal seems to be wicking along the grooves to the very end of the flow
driven by capillary force, filling the grooves. In addition, the rougher the surface, the more
liquid metal is driven forward. Nevertheless, the volume of this liquid metal spread above
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the boundary line is quite small, the free surface configuration in the equilibrium state in
the front view looks similar for all the three different roughness cases.

Table 5.3. Wetting profile of liquid TRILLIUM® composite on AA3003 at different
surface roughness and groove directions in the side view.
Original

#220 SiC
grinded

#50 SiC
grinded

Vertical
groove

Horizontal
groove

For the horizontal grooves’ situation, it can be concluded that roughness also
promotes the wicking of the liquid metal on AA3003. This can be established after
comparing the capillary rise front of the #220 and #50 SiC grinded samples with the nongrinded, original sample. However, when the surface gets much rougher, the surface
topography may impede the wicking of the horizontal grooves since a slightly lower and
non-uniform wetting front is observed in the #50 SiC grinded sample, compared to that in
the #220 SiC grinded sample.
Yet another comparison between a sample with vertical grooves and the one with
horizontal grooves for the same roughness can be made. One can easily conclude that for
the original, relatively smooth surfaces, the wetting distances are almost the same for both
vertical grooves and horizontal grooves. Clear boundary lines exist in both cases. However,
when the surfaces get rougher, say in #220, #50 SiC grinded cases, vertical grooves
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promote the wicking of liquid metal since the capillary rise fronts for vertical grooves
samples are much higher than the ones in the horizontal grooves’ samples. To conclude,
the surface roughness does influence the triple line movement in this configuration setting.

5.4.4

An impact of flux addition
The objective of this experiment is to see whether extra flux will promote wetting

of molten alloy on the vertical substrate.
As seen in Figure 5.19(a), before heating, extra flux was applied on the vertical
AA3003 substrate and the Al-Si alloy. Figure 5.19(b-c) show when heated, the “filler” (AlSi composite) alloy begins to melt and congregate. Because of the extra flux, the molten
alloy appears to has an extended area of contact with the horizontal non-wetting surface,
rather than a line contact with the ceramic surface (a ball shape) as shown in Figure 5.12(c),
in which no extra flux is applied. Figure 5.19(d) illustrates the molten alloy climbing
upward along the vertical AA3003 substrate due to the capillary force. Out of our
expectation, at the final equilibrium state, not all the molten alloy is removed from the
horizontal substrate (see Figure 5.19(e)). The wetting distance on the vertical substrate is a
bit smaller and there is still a small amount of the residue molten alloy on the ceramic,
which demonstrates, we hypothesize, that the extra flux reacts with the horizontal ceramic
substrate and change the wetting conditions.
This experiment shows that the extra flux does not promote the wetting on the
vertical substrate, rather it reacts with the ceramic substrate.
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Figure 5.19 Evolution of the Al-Si capillary flow at the wetting/non-wetting setting, with
extra flux applied on the vertical AA3003 substrate and the Al-Si composite alloy. (a)
before melting, flux powder can be seen on the vertical surface and over the Al-Si alloy,
(b-c) melting and congregating, (d), wetting (e) equilibrium, (f) an instant of time after
solidification.

5.4.5

Microstructure and phase segregation

5.4.5.1 Microstructure
Cross-sections along the centerline of the shorter edge of AA3003 substrates were
made across the re-solidified samples tested under 610˚C (Figure 5.11) and different
surface roughness (refer to Section 5.4.3), and the micrographs were provided in Figure
5.20. In general, apart from some minor differences, the four images in Figure 5.20(a-d)
feature identical characteristics no matter what the roughness condition of the vertical
AA3003 substrates has been. Free (re-solidified) surface profile and wetting distance are
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almost the same. Dissolution of the AA3003 substrate is not obvious in all cases. Pores are
widely distributed at the bottom, but rarely seen at the top.
Figure 5.20(a) shows the test using virgin AA3003 substrate with vertical grooves.
Three insets show three characteristic zones, namely, (1) α-Al phase rich zone, (2)
transition zone, and (3) Al-Si eutectic phase rich zone. The α-Al phase rich zone, as its
name implies, is a region dominated by primary α-phase, grains of which are usually in
spherical shape. Small amount of eutectic phase can also be noticed between the spherical
α-phase grain boundaries and pores are located mostly in this region. In the transition zone,
population of the eutectic phase is increasing compared to the α-Al phase rich zone, but the
quantities of pores are decreasing. Further up to the eutectic rich zone, there are rarely any
pores. Eutectic microstructure consisting of acicular (needle-like) silicon in a continuous
aluminum matrix and α-Al phase dendrites can be observed.
Figure 5.20(b-d) show similar microstructure for samples tested with various
roughness of the vertical substrates. However, note that the heating profile imposed on the
sample in Figure 5.20(c) is slightly different from the others. It has an extra 2 min dwell at
550˚C. In this case, it can be seen that the pores become less populated, and more eutectic
phase and dendritic α-phase are noticed. The possible reason is that the extra dwell at high
temperature contributes to more Si solid diffusion, which makes the to-be-melted alloy
more homogeneous. Figure 5.20(d) provides the microstructure of the sample using #50
SiC grinded AA3003 substrate with horizontal grooves. Due to the extremely rough
surface, metal flow discontinuity can be observed at the wetting front of the surface profile.
This porous structure and the phase segregation induced composition gradient in
the re-solidified domain is expected to be harmful to mechanical integrity. If the braze alloy
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is pre-annealed at high temperatures (but still below the melting temperature) before the
test, then after brazing, more homogeneous chemical composition of the re-solidified braze
alloy can be achieved (i.e. no phase segregation), and pores are able to be eliminated (see
Figure 5.20(e)). As what has been interpreted for Figure 5.20(c), this annealing promotes
silicon diffusion into the α-Al matrix and makes the braze alloy more homogeneous. As a
result, the melting inside the large mass of Al-Si alloy becomes more uniform, which in
turn promotes the wetting over the vertical substrate. The whole wetting process can be
finished in seconds, compared to 2 mins as mentioned in Section 5.4.1 for the non-annealed
brazed alloy. Further investigation is ongoing.

5.4.5.2 Phase segregation
Micrographs shown in Figure 5.20(a-d) feature the same phenomenon: phase
segregation. Owing to the temperature distribution difference in the furnace and heating
inertia, the molten alloy may not become fully liquid when wetting started. Instead, it is in
a mushy state, which consists of primary α-phase and liquid phase. When melted, liquid
phase (e.g., Al-Si eutectic) will climb upward along the vertical AA3003 driven by
capillary force, leaving the molten alloy at the bottom rich in α-phase and less mobility.
We identify this as a phase segregation. The capillary flow in a gravity field helps separate
the liquid and solid in the mushy state, with more eutectic at the top and more α-phase at
the bottom. Less eutectic liquid but more α-phase at the bottom may lead to a less mobility
(or high viscosity) of the molten alloy. As a result, we hypothesize, the receding line will
feature a stagnation at a certain location as shown in Figure 5.13(c) and Figure 5.14(b).
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Since more Si is in the eutectic phase, the substrate at the top exposes to more Si
diffusion and more extensive dissolution of the molten alloy. As a result, more erosion
should happen at the eutectic rich zone at the top, even though the bottom has the longest
exposure to the molten alloy. The substrate erosion is not conspicuous in the micrographs
shown in Figure 5.20, but one can still realize some mild erosion at the eutectic rich zone,
while the substrate at the bottom leaves intact.

Figure 5.20 Micrographs of molten alloy re-solidified on AA3003 at different roughness.
(a) virgin AA3003 with vertical grooves (test 20171120). Three insets show: 1. α-Al rich
zone, 2. transient zone, 3. eutectic-rich zone, respectively. (b) virgin AA3003 with
horizontal grooves (test 20171212)
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Figure 5.20 (continued) Micrographs of molten alloy re-solidified on AA3003 at different
roughness. (c) #220 SiC grinded AA3003 with vertical grooves (test 20171011, note that
a different heating profile is imposed in this case). (d) #50 SiC grinded AA3003 with
horizontal grooves (test 20171127). Due to the extremely rough surface, metal flow
discontinuity can be observed at the top. (e) #220 SiC grinded AA3003 with horizontal
grooves (test 20171010, note that the braze alloy was annealed at high temperatures
before the test, thus no pore and phase segregation was observed).

5.4.5.3 Distribution and topography of the pores
It is of interest to know how the pores are distributed and what their characteristic
features are. Figure 5.21(a) shows the micrograph at a selected area of Figure 5.20(b). The
max diameter, circularity for each pore, and area ratio of all the pores in this area is
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measured using Keyence digital microscope VHX6000 (see Figure 5.21(b)). The
maximum diameter of the pores can be as large as 101 µm and the area ratio of all the pores
in the total area is about 6.7%. From the surface topography line scanning in Figure 5.20(cd), we can see a V-shaped groove inside the pore and the maximum depth and width of the
groove is about 6 µm and 120 µm, respectively.

Figure 5.21 Distribution and topography of the pores. (a) Micrograph at a selected area
in Figure 5.20(b). (b) Max diameter, circularity for each pore, and area ratio of the pores.
(c) Surface topography line scanning and measurement of the groove depth (6 µm). (d)
Surface topography line scanning and measurement of the groove width (120 µm).
(Images taken by Keyence digital microscope VHX6000)
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We hypothesize that there are two possible causes of pores appearance (or a
combination of the two): flux influence, and a phase segregation. Phase segregation makes
the liquid move to the top, leaving the molten alloy at the bottom rich in α-phase and less
mobility. As a consequence, the gas of flux evaporation or effluence may get trapped and
can’t escape from the α-phase grains. Gas bubbles are usually spherical (similar to the pores
appearance. There is another possible reason may lead to the pore generation. The liquid
phase, which surrounds the α-phase, moves to the top due to capillary force and there is no
sufficient eutectic phase to fill the voids, therefore, a pore is generated. More studies will
be needed to investigate the reason for the pore formation.

5.4.6

Residue on the non-wetting alumina substrate
The microstructure of the molten alloy on the vertical AA3003 substrate has been

discussed in the previous section. The residue on the horizontal alumina substrate will be
discussed next.
Figure 5.22 shows the residue on the alumina substrate for (a) no extra flux
experiment (refer to Section 5.4.1) and (b) test with extra flux applied on the AA3003
substrate and Al-Si alloy (Section 5.4.4). The residue feature two black domains,
corresponding to the traces that the AA3003 substrate (left thinner black line) and the AlSi alloy (right thicker black line) have left. It is obvious that the residue is not evenly
distributed (with extra flux much more than without), which is expected. As shown in
Section 5.4.4, at the equilibrium, there are still small amounts of molten alloy on the
horizontal substrate. The flux residue can also be noticed between the gap of AA3003 and
the Al-Si alloy in Figure 5.22(b). The red numbered locations are chosen for SEM imaging
and EDS point analysis, which will be discussed next.
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Figure 5.22 Residues on the alumina substrate, (a) no extra flux experiment, (b) extra
flux applied on the AA3003 substrate and Al-Si alloy. The red numbered locations are
chosen for EDS point analysis.

5.4.6.1 SEM imaging and EDS analysis for the residue on the alumina substrate
Using FEI Quanta 250, SEM images and EDS point analysis for the residues on the
alumina substrate at selected locations shown in Figure 5.22(a) are provided in Figure 5.23.
Location 1 is a spot on the clean alumina substrate (Al2O3) and location 2 is a site at the
trace of AA3003 substrate. EDS point scanning at location 1 gives the response consistent
with chemical compositions of the alumina substrate. The percentage of Al and O is almost
in equal measure (each ~50 wt%). This is within expectation since the relative atomic
weight of Al and O are the same in Al2O3, which is 54. Our alumina substrate is 96% Al2O3,
thus the EDS scanning result for each of the element (Al or O) should be very close to 50
wt%.
At location 2, the EDS scanning at point A detects small amount of K, F. The flux
is a mixture of KAlF4 and K3AlF6, thus, if any K and F element is detected, then the source
should come from the flux. Result at point B demonstrates pure alumina and no other
constituents. The scanning at point C and D both indicate large amounts of flux content
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and some Si residue from the Al-Si alloy. The Si percentage varies from 1.8 wt% - 6.5 wt%,
which means that except for some flux residue, there is also some Al-Si alloy residue at
these points.

Figure 5.23 SEM and EDS point scanning for residue on the alumina surface for the test
without extra flux. (a) location 1, (b) location 2, as indicated in Figure 5.22(a).

The same analysis was made for the test specimens with extra flux. Various
locations were examined at locations 3 - 6 shown in Figure 5.22(b) and the SEM imaging
and EDS point scanning results are given in Figure 5.24. The crystals at location 3 feature
plate and rectangular shape. EDS results show a large number of K, Al, F, and only a small
amount of O and Si, which indicates that the main component at this location is flux.
Compared to location 3, the composition at location 4 is more complex. The crystal at point
A has the same characteristic as shown in Figure 5.24(a) and it demonstrates again a flux
residue. Mg is detected at point E. The source of this element should be from the Al-Si
alloy. Since this is the location where the molten alloy dwelled, this result is not surprising.
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The EDS results at location 5 show merely K, Al, and F, which corresponds to pure flux
residues. At location 6, the presence of K, Al, F, Si indicates that both flux and Al-Si alloy
residue coexist.

Figure 5.24 SEM and EDS point scans for residue on the alumina surface for the test
with extra flux. (a) location 3, (b) location 4, (c) location 5, (d) location 6, as indicated in
Figure 5.22(b).
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5.4.6.2 Surface topography of the residue on alumina substrate
Using Zygo New ViewTM 7300 3D optical surface profiler, the surface topography
of the residues on the alumina substrate for the test with extra flux is given in Figure 5.25.
The profiles outline both the residue profile of the vertical substrate trace and the residue
profile of the Al-Si alloy trace. These images prove that the residues are protruding on the
alumina surface, i.e., we claim that these do not etch a cavity hole or a groove into the
ceramic substrate.

Figure 5.25 Surface topography of the residue at various locations on the alumina
substrate for the test with extra flux applied.
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5.4.7

TRILLIUM® composite capillary flow on two sides of an AA3003 substrate
In the previous sections, the capillary flow of molten alloy at one side of AA3003

substrate has been discussed. It is of great interest to confirm a similar topography of the
molten alloy formations, i.e., to establish a topography of the free surface in the presence
of the flows at two sides. To this end, another set of experiment has been designed and the
sample configuration is illustrated in Figure 5.26.

Figure 5.26 (a) Sample configuration for capillary flow at two sides. (b) samples in the
high-temperature optical contact angle (OCA) measuring system.

As shown in Figure 5.26(a), the horizontal piece is alumina with dimensions of 20
mm ×15 mm ×1.02 mm. The vertical substrate is AA3003 (Al-Mn alloy) with dimensions
of 15 mm × 10 mm × 0.39 mm. These two substrates are the same as mentioned in Figure
5.6, but the liquid source is different in this set of experiment. TRILLIUM® composite in
the form of small plates, instead of bars, are used. Two pieces of TRILLIUM® composite
plates (10 mm × 10 mm × 0.4 mm each) are inserted between the vertical and horizontal
substrates. The assembly is fixed by using stainless-steel wires with the ceramic base. The
mass of the TRILLIUM® composite in total is 0.225 g (0.113 g at each side), which is
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almost the same as that in Figure 5.6 at each side. During the experiment, identical heating
conditions were imposed as shown in Figure 5.11, but the dwell time at the peak was
decreased to 2 min.
Figure 5.27 depicts the four stages of molten alloy capillary flow at two sides.
Figure 5.27(a-b) provides the melting and climbing processes of the molten alloy on the
vertical AA3003 substrate. Figure 5.27(c) presents the equilibrium state of the capillary
flow at two sides. If one takes one side into consideration, the shape would be very similar
to the one in Figure 5.12(e). Since two TRILLIUM® composite plates were pre-inserted
between the vertical AA3003 substrate and the horizontal alumina, after their melting, a
small gap between the two substrates will be generated and the thickness of the gap equals
the thickness of the two TRILLIUM® composite plates (0.8mm). If there is a perturbation,
hypothesize, liquid may detach from the horizontal ceramic substrate and form a “hanging”
droplet as shown in Figure 5.27(d).

Figure 5.27 Four stages of molten alloy capillary flow at two sides (m = 0.225 g). (a-b)
melting and climbing on the vertical AA3003 substrate. (c) equilibrium. (d) liquid metal
detaches from the horizontal ceramic surface and forms a “hanging” droplet.
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A cross-section along the centerline of the shorter edge of AA3003 substrate was
made on the re-solidified sample of Figure 5.27(d), and the microstructure was analyzed in
Figure 5.28. At region I (the top area), more Al-Si eutectic phase is observed and the
AA3003 substrate is heavily eroded. While at region II (the bottom area), more α-Al phase
in spherical shape exists, though there is still a small amount of eutectic phase between the
α-Al phase grains. Pores in more or less spherical shape are distributed widely in the area.
Less erosion is seen at the bottom even though the bottom has the longest time exposure to
the molten alloy. This is very similar to those shown in Figure 5.20. Phase segregation still
exists. When heated, Al-Si moves upward on the vertical AA3003 driven by capillary
force, leaving the molten alloy at the bottom rich in α-Al and with less mobility. Since
more Si is in the eutectic phase, the substrate at the top is exposed to more diffusion of Si
and more dissolution of the molten alloy. As a result, more erosion happens in the Si-rich
area at the top. The heaviest erosion happens in the middle of the region I, which means
that the substrate erosion may relate to the following possible reasons: the exposure time
with molten alloy, Si concentration, and liquid amount.
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Figure 5.28 Microstructure of the two-sided capillary flow hanging droplet. Region I (the
top area): eutectic phase rich, more AA3003 substrate erosion; Region II (the bottom
area): α-Al phase rich, less erosion, but more pores.

Figure 5.29 presents the surface profile of a two-sided molten alloy capillary flow
a smaller mass of the composite alloy. As shown in Figure 5.29(a), only one plate of
TRILLIUM® composite with mass of 0.093g (0.047g at each side) was put between the
vertical AA3003 and horizontal alumina substrates. The final equilibrium shape is shown
in Figure 5.29(b).
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Figure 5.29 Molten alloy capillary flow at two sides at a smaller mass (m = 0.0933 g).
(a) before heating, (b) equilibrium.

5.5

Summary
The (i) kinetics of triple line movements and dynamic macro advancing and

receding contact angles and (ii) free surface profiles of the liquid TRILLIUM® composite
driven by surface tension and impacted by gravity, in an AA3003/Al2O3 wedge-tee
configuration (a wetting/non-wetting assembly), have been studied in this chapter. The
impacts of gravity and surface roughness were considered.
In the basic setting, both advancing and receding triple lines move the fastest within
the first 2s. As time goes by, the liquid metal moves slower due to gravity and viscosity
and the front location becomes asymptotic to the value of approximately 10.28 mm under
conditions considered. The receding line location stays at around 0.5 mm (or alternately,
~1 mm) for a while, and ultimately reduces to 0 mm at the equilibrium state. The
macroscopic advancing contact angle (θ1) at the final stage is measured to be 7.3 ± 0.3°,
and the macroscopic receding contact angle between the liquid metal and the alumina
substrate (θ2) is 125.9 ±1.9°.
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The experiments with different inclinations (ranging from 0°- 90°) demonstrate
that gravity does influence the wetting of liquid metal over AA3003. As the inclination
angle gets smaller, the surface profile gets thinner and changes from a non-symmetric baglike shape, with the equilibrium receding contact angle changing due to gravity, to a more
symmetric sessile drop shape. The equilibrium advancing angle (θ1) remains almost the
same, but the receding contact angle (θ2) between the alumina substrate and the liquid metal
becomes larger. Most importantly, the wetting distance gets longer when the inclination of
AA3003 decreases. The largest wetting distance, 14.92 mm, is obtained when the
inclination is 0°, comparing with the minimum wetting distance of 10.28 mm at 90°.
The capillary length for the molten alloy is calculated to be 5.96 mm. If a given
quantity of liquid metal has a wetting distance on the vertical piece below this number,
gravity effect can be neglected. When the mass of the molten alloy is 100 mg, the wetting
distance is 10.28 mm, which is much larger than the capillary length and the surface profile
features a bag-like shape. With a further decrease of the mass to 12.5 mg, the wetting
distance drops below the capillary length, and the surface profile becomes symmetric.
The equilibrium surface profiles feature similar behavior under different surface
roughness conditions. For the vertical grooves cases, a clear boundary (triple) line between
the AA3003 and the molten liquid metal can be recognized when the surface is nongrinded. However, this boundary gets fuzzy when the surface gets rougher. In addition, the
rougher the surface, the more liquid metal wicking beyond the boundary line along the
grooves to the top end due to a capillary force. In the horizontal grooves’ configuration, it
can be concluded that roughness promotes wetting of the liquid metal on AA3003.
However, when the surface gets much rougher, it may slightly impede the wetting. For the
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samples with the same surface roughness but with different groove directions, the wetting
distances are almost the same for the non-grinded, relatively smooth surface. However,
when the surface gets rougher, say in #220, #50 SiC grinded cases, vertical grooves
promote more the wetting of liquid metal compared to horizontal grooves.
The microstructure for the re-solidified liquid alloy on the samples demonstrates a
phase segregation during the capillary flow within the mushy state domain, with more αphase at the bottom and more eutectic phase at the top. Pores are widely distributed at the
bottom α-phase rich zone. Less eutectic liquid but more α-phase at the bottom may lead to
less mobility (or high viscosity) of the molten alloy. As a result, the receding line will
feature a dwell at 0.5 mm or 1 mm for a long time as shown in Figure 5.13(c) and Figure
5.14(b) before detaching from the horizontal non-wetting surface. The substrate erosion is
not obvious, but one can still notice some mild erosion at the eutectic rich zone, while the
substrate at the bottom leaves intact. This is because more Si is in the eutectic phase, the
substrate at the top is being exposed to more Si diffusion and more extensive dissolution
of the molten alloy. As a result, more erosion happens at the eutectic rich zone at the top,
even though the bottom has the longest exposure to the molten alloy.
There are black residues on the alumina substrates after the experiment. SEM
imaging and EDS analysis of the residue show that the residue chemical compositions may
differ at different locations. However, flux content and Si, which is left by the Al-Si alloy,
are detected at most of the locations.
Finally, the capillary flow of molten alloy at two sides is discussed and the
micrographs show the same phase segregation, and pores are concentrated at the bottom αphase rich zone. More severe substrate erosion is observed in the eutectic rich region.
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CHAPTER 6. ALUMINUM BRAZE CAPILLARY FLOW IN A CYLINDRICAL
WETTING/NON-WETTING ASSEMBLY: A “PIN” EXPERIMENT
6.1

Overview
The content in this chapter deals with a capillary spreading of the composite Al-Si-

KxAlyFz alloy over one of the three selected substrate surface configuration designs
intended to provide a better insight into molten alloy spreading driven by surface tension
in the gravity field. These configurations are selected as benchmark terrestrial settings
studied within in the project of “BRAzing of Aluminum Alloys IN Space (BRAINS)”,
Grant #NNX17AB52G, which is funded by the NASA’s Physical Sciences Research
Program, and are intended to be conducted aboard the International Space Station (ISS).
That study should answer the question of how the larger mass of molten aluminum alloy
responds to the near absence of gravity while driven by surface tension.
Brazing of aluminum alloys has been widely used under terrestrial conditions. Its
application may also extend to space as a technology of choice for assembly under low
gravity conditions (including Mars and other possible extraterrestrial missions) or as a
potential repair method using a larger mass of liquid braze in microgravity affected by
impacts of micro meteoroids and/or space debris. Under such conditions, the absence of
gravity (either in open space under vacuum or onboard under control atmosphere) leads to
different behavior than the one observed under 1-g conditions. The goal of this study is to
uncover these differences in the capillary flow of larger masses of liquid metal and through
that, to gain an understanding needed to facilitate effective brazing in space.
The experimental work under terrestrial conditions involves the content of this
dissertation and it is focused on terrestrial benchmark studies of the kinetics and
equilibrium configurations of liquid aluminum braze alloy.
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The spatial configurations of a large mass of the liquid braze include three major
geometric settings for planned subsequent ISS microgravity experiments, i.e., (i) HOLE
configuration, (ii) PIN configuration, and (iii) HOLLOW PIN configuration.
In this chapter, the PIN experiment will be discussed. The research activities are
focused on the following tasks/issues: (1) capillary climb distance and surface tensioncontrolled equilibrium formations of molten aluminum under microgravity and 1-g
conditions, and the trade-off between the surface tension and gravity, (2) kinetics of the
process of spreading on axisymmetric pin surfaces.
This chapter is a continuation of the experimental work summarized in the previous
chapter, which deals with a wedge-tee wetting/non-wetting configuration with the vertical
substrate of a flat AA3003. In this chapter, the vertical substrate will be replaced by an
axisymmetric AA1001 pin, and preliminary tests of the aluminum capillary flow in a
cylindrical wetting/non-wetting system were accomplished under terrestrial condition in
the Brazing lab, University of Kentucky. This set of experiments serves as the terrestrial
benchmark study.

6.2
6.2.1

Materials and experimental procedures
Sample configuration: PIN experiment
The geometry of the pure aluminum (AA1100) pin sitting on the alumina (Al2O3)

substrate, is shown in Figure 6.1. The pin has a diameter (2r1) of 1/8 inch (3.12 mm), and
a height (Y1) of 15 mm. The braze alloy, the so-called TRILLIUM® composite, is a metal
matrix of Al-10Si alloy with flux (K1-3AlF4-6) embedded. This alloy has been used in
Chapter 5 as well as the to-be-melt alloy. TRILLIUM® in a wire form is bent to form a ring
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surrounding the pure aluminum pin, see the solid model in Figure 6.1(b). The wire features
different diameters, thus the ring-shaped braze alloy may have various masses. Upon
heating, the braze alloy wets the vertical AA1100 only and detaches from the horizontal
surface due to the non-wetting between the molten Al-Si alloy and alumina. The sample
assembly is fixed on to another ceramic holder base using a stainless-steel wire with a
diameter of 0.38 mm.

Figure 6.1 (a) Cross-section of the PIN sample, (b) solid model

6.2.2

Experiment procedures.
All the components of sample assemblies were ultrasonically cleaned in soapy

water, water, and 95% ethanol for at least two minutes to eliminate the oil or chemical
residues, and subsequently dried using compressed air before putting into the furnace. The
furnace chamber was purged using ultra-high purity nitrogen (99.999%) at 472 cm3/min (1
scfh) for 2 hrs (O2 concentration level < 50 ppm). During the test, nitrogen is continuously
provided at the same rate. A real time, in situ recording in the furnace hot zone chamber
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was accomplished using the high-temperature optical contact angle (OCA) measuring
system as shown in Figure 5.10.
Two K-type thermocouples were in contact with the upper side of the alumina
substrate. One is used to provide feedback to control the furnace temperature and the other
is connected to Labview to record the surface temperature. The samples were exposed to a
CAB brazing cycle starting from the room temperature (22°C) to 610°C at a heating rate
of 40°C/min, followed by a dwell time of 3 minutes, and then exposed to natural cooling.
Since the SUBSA furnace used in the ISS (Appendix B) has an equipment inflicted
limitation of the maximum heating rate of 5°C/min, yet another set of experiment with a
heating rate of 5°C/min was executed to simulate the same condition as in the SUBSA
furnace. In order to mitigate the possible erosion issue, the dwelling time was reduced to 1
minute. The two temperature histories are illustrated in Figure 6.2.

Figure 6.2 Temperature profiles at heating rates of 40 ˚C/min and 5˚C/min.

The samples were imbedded in resin by cold mounting and then cut along the
centerline of the pin. Subsequently, the samples were polished in a sequence of steps using
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#220, #500, #800, #1200 SiC papers followed by 9 µm, 3 µm, and OPU suspensions and
then etched by Keller’s reagent.

6.3
6.3.1

Results and discussion
Impact of heating rates on the molten alloy capillary flow over the PIN
In order to investigate the effect of heating rates on the molten alloy capillary flow

over the PIN, the tests of 40˚C/min and 5˚C/min were executed using the same amount of
braze alloy (0.10 ±0.002 g).
Figure 6.3 shows an instant of time frame of the PIN experiment when brazed at
40˚C/min. Figure 6.3(a) depicts the PIN experiment setup before heating. When heated,
the braze alloy melts and climbs along the pin driven by surface tension and retarded by
gravity, and finally forms the surface tension - gravity driven free surface configuration as
shown in Figure 6.3(b). The wetting distance of the molten alloy on the PIN is 7.52 mm.
Test samples images before heating and after solidification are provided in Figure 6.4. A
cross section along the centerline of the re-solidified sample was made and the
microstructure is given in Figure 6.3(c). Unlike the result in Figure 5.20, no pores are
observed in this experiment, which has not been expected. Phase segregation seems to be
still present (more α-phase is located at the bottom and more eutectic phase is gathered at
the top). AA1100 substrate erosion is heavier at the eutectic rich zone, but no evident
erosion was noticed at the bottom, although the bottom has the longest exposure to the
molten alloy. This is the same as the cases in Chapter 5. The possible reasons have been
mentioned in Section 5.4.5.2.
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Figure 6.3 PIN experiment when brazed at 40˚C/min. (a) before heating; (b) equilibrium,
wetting distance 7.52 mm; (c) microstructure of the resolidified sample.

Figure 6.4 Images of samples when brazed at 40˚C/min. (a) before heating, (b) after
solidification.

Compared to the result obtained at 40˚C/min, the experiments under a lower heating
rate, 5˚C/min, while with a shorter dwelling time, shows a similar wetting distance and
surface profile at the final equilibrium state (see Figure 6.5(b)). The wetting distance is
7.40 mm, which means that the lower heating rate does not affect much the final
equilibrium states and 5˚C/min can be used for the test.
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Figure 6.5 PIN experiment when brazed at 5˚C/min. (a) before brazing, (b) equilibrium,
wetting distance 7.40 mm.
Figure 6.6 illustrates the frame sequence of the molten alloy capillary flow over the
PIN when brazed at 40˚C/min. Before heated (t < 0s), the braze alloy is surrounding the
PIN, touching the wetting surface. The capillary flow process involves a combination of
melting and wetting. At the beginning (t ~ 20s), the wetting process at the left and right
sides may feature slightly different evolution due to the not perfect temperature uniformity
in the hot zone of the furnace, but at the later time, the triple line locations at both left and
right sides become synchronous and finally reach equilibrium at around 80s.

Figure 6.6 Frame sequence of the molten alloy capillary flow on the PIN when brazed at
40˚C/min.
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The kinetics of the triple line locations when brazed at 40˚C/min and 5˚C/min are
offered in Figure 6.7. The trends clearly show that although the evolution of the capillary
flow is different when brazed at these two different heating rates, the final equilibrium
wetting distances are almost the same. Unlike the case in 40˚C/min, the triple line locations
at both the left and right sides feature the same pace at the first 20s when brazing at
5˚C/min, owing to the more homogenous temperature distribution of the furnace when
brazed at lower heating rates compared to that at higher heating rates. The triple line takes
more time to reach equilibrium when brazed 5˚C/min in comparison to that brazed at
40˚C/min. The possible reason may be that the temperature is faster to reach liquidus at a
higher heating rate and more liquid can be supplied for the capillary flow. Since the braze
alloy is not fully molten before climbing along the PIN, the triple line movement depends
significantly on the melting process. In addition to this, surface tension, gravity, viscosity,
inertia, and other factors may also affect the kinetics.

Figure 6.7 Kinetics of triple line locations when brazed at 40˚C/min and 5˚C/min.
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6.3.2

Impact of braze alloy amounts on the capillary flow on the PIN: a gravity effect
Figure 6.8 illustrates the wetting distance for different amounts of liquid metal on

the PIN when brazed at 5˚C/min. The values of the wetting distance on the PIN for three
different cases are given in Table 6.1. It can be concluded that the wetting distance gets
longer as the mass of the braze alloy gets larger but in a not significant manner. The wetting
distance is 7.13 mm when the mass is 0.08g. However, when the mass is doubled (0.17g),
the wetting distance just increases by 16.8% (1.2 mm). The surface profile at the smallest
mass does not feature an obvious hanging-bag shape as shown in Figure 5.12, but rather in
approximately symmetric profile. This is because the wetting distance (7.13 mm) is close
to the capillary length of TRILLIUM® composite, which is 5.96 mm as calculated in
Chapter 5. With the increase of the mass, the gravity effect becomes more obvious and the
symmetry will be breaking as shown in Figure 6.8(c).

Figure 6.8 Wetting distance for different amounts of liquid metal when brazed at
5˚C/min. (a) 0.08 g, (b) 0.10 g, (c) 0.17 g.
Table 6.1 Wetting distances for different amounts of liquid metal brazed at 5˚C/min.
Mass (g)

Volume (mm3)

Wetting distance (mm)

(a)

0.08

31.41

7.13

(b)

0.10

39.15

7.44

(c)

0.17

66.82

8.33
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We expect that the PIN experiment will clearly demonstrate the effect of gravity on
the spreading. In microgravity, the equilibrium shape will resemble the symmetric (topbottom) meniscus shown in Figure 5.18(d), which is obtained under gravity but for a small
volume of fluid (small Bond number). We expect both contact angles (top and bottom) to
correspond to the equilibrium contact angle. Under Earth gravity, we expect the symmetry
breaking: the bag-like shape shown in Figure 6.8(b-c), with the contact angle at the top
equal to the equilibrium contact angle while the bottom contact angle can vary between the
values determined by the metal pin and ceramics substrate. This point is made obvious by
an illustration given in Figure 5.18 (e.g., a liquid Al-Si on AA3003 vertical flat surface and
non-wetting alumina horizontal substrate). Also illustrated in Figure A3 is the capability
of the phase-field computational model to accurately represent the experimental kinetics in
Appendix A.

6.3.3

Corroboration of predictions and experimental data on wetting distance
The experimental data have been shared with the numerical predictions offered by

“BRAINS” team at the Washington State University. The prediction of the wetting distance
under microgravity condition to corroborate with experimental findings has been
accomplished also by our collaborators at the Washington State University using the
Surface Evolver [15].
The relationships are established between the volume of the braze, V, and the height
of equilibrium meniscus: at zero gravity, Ym0 , and at Earth gravity, Ymg (for a given radius
r, and the equilibrium contact angle θ). These relationships are illustrated in Figure 6.9, for
θ = 2.7°, r = 1.56 mm, and compared with the current experimental result on Earth. The
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details are given in Appendix C: Energy minimization through Surface Evolver for the PIN
and HOLLOW PIN Problem. Excellent agreement has been achieved between the
experimental and the numerical predicted data under terrestrial condition. The surface
evolver results show the wetting distance is at least 3 mm larger in microgravity compared
to that on earth.

Figure 6.9 Meniscus height as a function of the braze volume for the PIN experiments.

6.4

Summary
Aluminum braze capillary flow over a cylindrical wetting/non-wetting assembly

(PIN experiment) has been discussed in this chapter. Experiments under different heating
rates and a series of tests with different amounts of braze alloy have been conducted under
terrestrial condition in the brazing lab, University of Kentucky.
This work demonstrates that the equilibrium wetting distance and surface profile
doesn’t change much when brazed at different heating rates, say, 40˚C/min and 5˚C/min.
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The kinetics of the triple line locations feature different characteristics at these two heating
rates. It takes 80s to reach equilibrium when brazed at 40˚C/min. However, it takes longer
when brazed at the lower heating rate (5˚C/min). Since the braze alloy is not fully molten
before the onset of climbing along the PIN, the kinetics depends significantly on the
melting process.
The wetting distance gets longer as the mass of the braze alloy gets larger, although
the change is not significant. When the mass of the braze alloy is e.g. 0.08g, the wetting
distance is 7.13 mm. However, when the mass is doubled, the wetting distance increases
just by 16.8% (1.2 mm). With the increase of the mass, the gravity effect becomes more
obvious and the surface profile changes from a close to symmetric shape to an asymmetric
bag-shape.
The team from Washington State University has predicted the wetting distance and
surface profile under earth gravity and zero gravity by using our empirical findings and
Surface evolver [15]. Plots of meniscus heights as a function of braze amount with and
without gravity have been provided. Excellent agreement has been achieved between the
experimental and the numerically predicted data under terrestrial condition. Results show
the wetting distance is much larger under microgravity, with at least a 3 mm margin
compared to that on Earth.
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CHAPTER 7. ALUMINUM BRAZE CAPILLARY FLOW IN A CYLINDRICAL
WETTING/NON-WETTING ASSEMBLY: A “HOLLOW PIN”
EXPERIMENT
7.1

Overview
The content in this chapter focuses on a capillary spreading of the composite Al-Si-

KxAlyFz alloy over aluminum alloy substrate of specified composition (AA3003) in the
presence of a non-wetting alumina as another adjoined substrate. The assembly
configuration (to be specified) constitutes one of the three major physical settings, which
are selected as benchmark terrestrial wetting/spreading surface configurations. All three
have been studied within the project titled “BRAzing of Aluminum Alloys IN Space
(BRAINS)”, funded by the NASA’s Physical Sciences Research Program, Grant
#NNX17AB52G. This configuration, i.e., the HOLLOW PIN, together with the PIN
configuration mentioned in Chapter 6, constitute two out of the three configurations
studied.
As has been discussed in Chapter 6, molten alloy studied has a pre-defined maximum
wetting distance on the cylindrical wall under both zero gravity (Ym0 ) and earth gravity
( Ymg ) conditions and all other specified parameters (alloys composition, geometry,
orientation, processing conditions, interface interactions, etc. For a given outer radius 𝑟 of
the cylinder and volume of fluid 𝑉, the expected relationship between these two lengths is:
𝑌𝑚0 (𝑟, 𝑉) > 𝑌 > 𝑌𝑚𝑔 (𝑟, 𝑉)
Hence, if a HOLLOW PIN has a height of Y, we hypothesize that in microgravity,
the braze liquid will flow over the top of the hollow cylindrical pin and enter (or fill,
depending on size and pinning at the sharp circumference of the hollow pin) the inner
cavity of the hollow pin, while under the Earth gravity, the brazing liquid will not reach to
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the top of the pin. The collaborative work with Washington State University using the
Surface Evolver [15] has been executed in parallel with the experimental program reported
here to predict the maximum wetting distance for the HOLLOW PIN experiment under
gravity and microgravity conditions. The details of the analytical predictions using Surface
Evolver are given in Appendix C.
Terrestrial experiment has been done for the HOLLOW PIN configuration as a
benchmark for the conditions in ISS. Three experimental configurations involving the
HOLLOW PIN were considered in this chapter: (i) a long HOLLOW PIN, (ii) a short
HOLLOW PIN, and (iii) a short HOLLOW CUP. The long HOLLOW PIN setup is used
to test the maximum height (𝑌𝑚𝑔 ) the molten alloy can climb over the outside of the
HOLLOW PIN. If the height 𝑌𝑚𝑔 is known, then a short HOLLOW PIN with a height
smaller than 𝑌𝑚𝑔 will be tested to see whether the braze liquid will flow over the top and
enter the inner cavity of the pin. The short HOLLOW CUP is a modification of the short
HOLLOW PIN, but with the bottom closed. Preliminary tests of the aluminum capillary
flow in a cylindrical wetting/non-wetting system have been accomplished under terrestrial
condition in the Brazing laboratory at the University of Kentucky. This set of experiments
serves as the terrestrial benchmark study.
The research activities should ultimately include the following tasks: (1) capillary
climb distances and surface tension-controlled equilibrium formations of molten aluminum
under microgravity and 1-g conditions, (2) kinetics of the process of spreading on
axisymmetric HOLLOW PIN surfaces, and (3) recording the microstructures of the resolidified molten alloy driven by surface tension and gravity under specified conditions.
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7.2
7.2.1

Materials and experimental procedures
Sample configuration

7.2.1.1 Long HOLLOW PIN
Figure 7.1 offers the cross section rendering of the axisymmetric long HOLLOW
PIN setup. The solid model is presented in the same figure. It depicts an AA3003 tube
surrounded by the braze alloy ring sitting on the alumina (Al2O3) substrate. The AA3003
tube has an OD of 6.35 mm (1/4 inch) with a wall thickness of 0.41 mm and a height of 12
mm. TRILLIUM® composite, which is a metal matrix of Al-10Si alloy with flux (K1-3AlF46)

embedded, is used as the braze alloy. This alloy has been also used in Chapter 5 and

Chapter 6 as the braze alloy. It is in a wire form with a diameter of 1.8 mm and it is bent
to form a ring surrounding the AA3003 tube. The ring has a mass of 165.5 ±0.2 mg and a
volume of 63.62 mm3. The sample assembly can be fixed on to yet another ceramic holder
base using a stainless-steel wire with a gauge of 0.38 mm.

Figure 7.1 (a) Cross section of the long HOLLOW PIN, (b) Solid model.
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7.2.1.2 Short HOLLOW PIN
The geometry of the short HOLLOW PIN is shown in Figure 7.2. This experiment
setup sample is modified from the long HOLLOW PIN configuration by decreasing the
height of the long pin from 12 mm to 5.6 mm, while, with the other materials and
parameters remaining the same. Since this experiment setting is used to test whether the
liquid metal will flow over the top and enter the inner cavity of the tube, any obstacles that
can affect the flow of the molten alloy at the top edge of the AA3003 tube need to be
avoided. As a result, stainless-steel wire cannot be used to fix the whole assembly with the
base ceramic holder. The whole assembly is sitting on and touching with the base holder,
hence the “proximity of the pin’s footprint” and ceramics substrate depends entirely on
gravity.

Figure 7.2 (a) Cross section of the short HOLLOW PIN, (b) Solid model.

7.2.1.3 Short HOLLOW CUP
If the molten alloy can flow into the inner cavity of the HOLLOW PIN, it would be
important to learn how it flows into it, i.e. either from the top edge, or from the bottom
edge. Therefore, an experiment of short HOLLOW CUP is designed to eliminate the later
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option. In this way, if the liquid metal can still go into the inside cavity, it must go over the
top edge. The geometry of the sample configuration is given in Figure 7.3. The AA3003
part is machined with an OD the same as the two experiment setups mentioned above. The
cavity inside the AA3003 cup has a diameter of 4 mm and a height of 3.7 mm. The amount
of braze alloy and the ceramic alumina non-wetting substrate are identical to the conditions
listed for the above-mentioned two experiments.
Microchannels can be added on the exposed top flat surface of the AA3003 part by
grinding in a radial pattern using a #220 sandpaper (to promote the capillary flow). The
surface topography of the grooves is illustrated in Figure 5.8(b). The fact that the rough
surface has an ability to promote wetting has been demonstrated in Chapter 5, Section
5.4.3.

Figure 7.3 (a) Cross section of the short HOLLOW CUP, (b) Solid model.

7.2.2

Experimental procedures
The sample cleaning and atmosphere control in the furnace follow the same

procedures as mentioned in Chapter 6. High-temperature optical contact angle (OCA)
measuring system (see Figure 5.10) is used to provide a real time, in situ recording of the
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phenomena evolution in the furnace. Identical heating conditions as used in the PIN
experiment (see Figure 6.2) were imposed on the samples. The heating profiles include, (i)
heating rate of 40˚C/min from the room temperature to 610˚C and dwelling at the peak for
3 mins, and then natural cooling, (ii) heating rate of 5˚C/min from room temperature to
610˚C and dwell at the peak for 1 min (or longer in some experiments, as documented) and
then natural cooling. The lower heating rate is to simulate the same heating condition in
the SUBSA furnace to be used at ISS. There is one exception for the long HOLLOW PIN
experiment, an experiment was conducted under a heating rate of 70˚C/min and a dwell
time at 610˚C for 5 min.
The samples after cooling were imbedded in resin by cold mounting and cut along
the centerline of the AA3003 tube or cup. The polishing steps follow the same procedure
as mentioned in Chapter 6.

7.3
7.3.1

Results and discussion
Long HOLLOW PIN (with stainless-steel wire fixed with the base holder)
Figure 7.4 shows the projection of the long HOLLOW PIN configuration (see

Figure 7.1) in the OCA system. As shown in Figure 7.4(a), a stainless-steel (SS) wire is
used to fix the sample assembly with another base holder, thus the AA3003 tube can have
a tight contact with the alumina substrate. When brazing at 70˚C/min, the final equilibrium
shape of the molten alloy over the outside surface of the AA3003 tube is given in Figure
7.4(b). The wetting distance is measured to be 7.50 mm.
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Figure 7.4 Long HOLLOW PIN with stainless-steel (SS) wire fixed with the base holder.
(a) before brazing, (b) equilibrium when brazed at 70˚C/min.

Figure 7.5 gives the microstructure of the re-solidified sample. The same as what
has been observed in Figure 5.20 (Chapter 5), pores are widely distributed at the bottom.
Phase segregation still exists with more spherical α-phase grains located at the bottom and
more eutectic phase populates the top of the re-solidified molten alloy. It is worth noting
that there is a small amount of liquid alloy wicking into the inner cavity of the tube at its
bottom. This happens, we hypothesize, due to the existence of microchannels or small
clearance between the AA3003 tube and the alumina substrate. The bottom surface of the
tube cannot be perfectly flat. The alumina substrate also has a certain roughness-featured
topography (Figure 5.8(d)). Even though SS wire is used to bind the tube and the alumina
substrate tightly, the microchannels at the contact cannot be avoided. Since the
microchannels are very small, the transport of the liquid phase is limited. As a result, the
quantity of the wicking liquid metal inside the tube is very small, and the wetting distance
inside the tube is less than the capillary length of liquid TRILLIUM®, namely 5.96 mm.
As a consequence, the surface profile of the molten alloy inside the AA3003 wall is
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virtually symmetric (see the right-side inner wall in Figure 7.5). The gravity effect has been
demonstrated in Chapter 5, Section 5.4.2.2.

Figure 7.5 Microstructure of the resolidified sample for the long HOLLOW PIN with
stainless-steel wire fixed. The wetting distance of the molten alloy over the outside of the
long HOLLOW PIN is 7.50 mm.

7.3.2

Short HOLLOW PIN

7.3.2.1 Five stages of the wetting process
From the long HOLLOW PIN experiment, we have learned that the maximum
wetting distance for a given braze alloy (165 mg) is 7.50 mm. Next, a short HOLLOW PIN
(see Figure 7.2) with a height smaller than the maximum wetting distance, is tested to see
whether the liquid alloy can flow over the edge and fill into the inner cavity. This
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experiment was conducted under 40˚C/min with dwelling at the peak for 3 mins. Figure
7.6 gives the five stages of the capillary flow of molten alloy over the short HOLLOW
PIN. The projection of the short HOLLOW PIN experiment in the OCA system before
melting is given in Figure 7.6(a). When melted, the liquid metal climbs along the outside
of the AA3003 tube as shown in Figure 7.6(b) and then reaches the top of the tube (Figure
7.6(c)) and dwells there for a few seconds. However, after this instant, the amount of the
braze alloy at the outside of the tube is decreasing (Figure 7.6(d)), indicating that the liquid
metal is flowing to the inside cavity, which is exactly what we expected. Nevertheless,
there is one exception. Looking at the finally formed equilibrium shape as shown in Figure
7.6(e), there is still a small amount of braze alloy left at the outside of the AA3003 tube,
forming like two protruding domains on the HOLLOW PIN. What are these leftovers and
why this happens are the questions of interests (answers will be given in Section 7.3.2.2).

Figure 7.6 Five stages of the capillary flow of molten alloy over the short HOLLOW
PIN when brazed at 40˚C/min. (a) before melting, (b) climbing, (c) reaching the top, (d)
liquid metal decreasing at the outside wall and flow to the inside cavity, (e) equilibrium.
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7.3.2.2 Phase segregation
A cross-section along the centerline of the re-solidified short HOLLOW PIN
sample is made and the microstructure is given in Figure 7.7. α-phase grains were
predominantly left outside of the hollow pin with many pores observed. Al-Si eutectic
phase went to the inside of the tube. This microstructure gives us the answers to the
questions proposed above. There is a segregation of solid and liquid phases of the mushy
state. The hypothesis is that the liquid phase is wicking through the clearances between the
bottom of the AA3003 tube and the alumina substrate and goes to the inside of the hollow
pin while the solid phase is left at the outside, both impacted by surface tension and gravity.
The α-phase that is left-over at the outside of the tube forms a symmetric shape,
with a little amount of Al-Si eutectic phase, filled in between the α-phase grain boundaries.
Pores are widely distributed around the α-phase grains. The reason why pores exist has
been detailed discussed in Chapter 5, Section 5.4.5.3. One can also observe from the
micrograph in Figure 7.7 that at the middle-upper part of the right outside wall, there is a
single small spherical phase, which has a large distance away from the main α-phase
populations. This is probably a left-over from the eutectic phase, which has flowed to the
inside of the tube.
From the appearance of the microstructure, it seems that the walls of the AA3003
substrate are skewed, i.e. not a straight line. This is due to the substrate erosion. The
heaviest erosion happens at the middle-upper part of the outside wall during the climbing
and dwell process of the liquid metal migration over the outside of the tube. This
phenomenon is the same as what has been observed in the wedge-tee wetting/non-wetting
experiment (see Figure 5.20) and the reason has been given in Chapter 5, Section 5.4.5.2.
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Beyond our expectation, the erosion of the inside wall is not obvious, which may possibly
be due to the short dwell time of molten alloy presence at that location.

Figure 7.7 Microstructure of the resolidified sample for the short HOLLOW PIN.

Figure 7.8(a) shows the sample image for the short HOLLOW PIN before brazing.
The after brazing and re-solidified sample images are given in Figure 7.8(b). α-phase,
which aggregates at the outside of the tube, can be observed in the front view; and the
eutectic phase, which flows to the inside of the tube, can be seen in the top view. As a
contrast to the homogeneous distribution of the eutectic phase inside the tube, the surface
profile of the re-solidified α-phase outside the tube is non-homogeneous, i.e. the spreading
heights along the circumference of the tube vary at different circumferential locations.
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Figure 7.8 Samples images for a short HOLLOW PIN. (a) before brazing, (b) after
brazing, front view (left), top view (right).

7.3.2.3 Kinetics of the capillary flow
Figure 7.9 offers a frame sequence of the capillary flow of molten alloy along the
short HOLLOW PIN. We hypothesize the sequence of events to evolve as follows. The
wetting process is divided into three events/segments: (i) melting and climbing of melt
against gravity driven by surface tension (0s - 68s); (ii) reaching the top of the hollow pin
and dwell (68s - 104s); (iii) flowing to the inside cavity of the hollow cylinder and reaching
equilibrium (104s - 140s). The frame at t = 0 second shows the instant just before an onset
of melting. Next, the braze alloy begins to melt and climbs upward along the outside wall
of the AA3003 tube. The climbing process takes about 1 min and at t = 68s, the wetting
front triple line reaches the top edge of the hollow pin. It takes about half a minute until
the surface profile becomes symmetric as shown in t = 100s. The liquid metal dwells at this
state for 4s until t = 104s. After that, the amount of molten alloy at the outside of the tube
is decreasing, and the surface profile at the outside of tube becomes thinner and thinner (as
shown in the frame of t = 116s), indicating a flow to the inside cavity, presumably along
the surface micro topographical grooves-like features at the sample/alumina substrate
interface. Since there is no presence of a SS wire fixture to tightly fix the whole assembly
146

(the weight of the hollow pin is very small), the capillary flow through the microchannels
can induce some buoyancy force, which may micro-raise up the tube, hence making the
clearance larger, thus allowing a large quantity of liquid metal to go through and flow into
the inside HOLLOW PIN sample cavity. The triple line location doesn’t change during the
liquid metal amount decreasing process until t = 120s. At t = 120s, the liquid alloy amount
is too small to wet the whole length of the tube circumferentially, and the triple line location
drops down significantly. The dropping speed of the triple line is very fast in the first 2s,
then, it slows down and reaches the equilibrium at 3.70 mm at t = 140s. The whole wetting
process takes about 2 mins. The last frame (t = 312s) depicts the final surface profile after
solidification.

Figure 7.9 Frame sequence of the wetting process of molten alloy over the short
HOLLOW PIN.
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The triple line locations for the capillary flow of the molten alloy over the outside
wall of the short HOLLOW PIN as functions of time are given in Figure 7.10. As can be
seen from the plot, the left and right side triple line movements feature the same pace. At t
= 68s, the triple line locations at both sides reach the top of the tube and dwell there until t
= 120s. After that, the triple line locations are dropping down sharply and finally reach the
equilibrium at 3.70 mm. Although the triple line locations drop until t = 120s, the amount
of liquid metal decreasing outside the tube happens much earlier than this moment at t =
104s. The corresponding time frames can be found in Figure 7.9. Since the triple line
movement inside the cavity cannot be monitored, no kinetics of the inside wetting can be
provided.

Figure 7.10 Triple line locations for the capillary flow of molten alloy over the outside
wall of the short HOLLOW PIN.

From the short HOLLOW PIN experiment, it can be concluded that a liquid metal
can successfully flow into the inside cavity, but how the molten alloy would go to the inside
is less predictable, i.e. whether it would flow from the top edge of the AA3003, or from
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the bottom edge, or both. To this end, the following experiment of a long HOLLOW PIN
with no stainless-steel fixturing wire was performed.

7.3.3

Long HOLLOW PIN with no stainless-steel fixturing wire fixed
This experimental setup has the same configuration (refer to Figure 7.1) as has

been used for the long HOLLOW PIN experiment mentioned in Section 7.3.1. The only
difference is that this one does not use the stainless-steel fixturing wire to fix the assembly
tightly to the base holder, thus there is reduced possibility for an unintended presence of a
clearance or microchannels between the AA3003 tube and the alumina substrate. The
AA3003 tube and braze alloy are sitting on the alumina substrate merely assisted by the
gravity force. The length of the long HOLLOW PIN is larger than the maximum wetting
distance of the liquid metal, thus, if the liquid metal still would go to the inside of the tube,
it should go through the bottom.
Figure 7.11 illustrates the five stages of the capillary flow of the molten alloy on
the long HOLLOW PIN with no SS fixturing wire, brazed under 5˚C/min with a dwell at
the peak for 1 min. This wetting process is very similar to that of the short HOLLOW PIN
experiment. The sample configuration before the melting of the braze alloy is given in
Figure 7.11(a). When melted, the molten alloy will climb along the outside of the AA3003
tube and then reach the maximum wetting distance, which is 7.77 mm (see Figure 7.11(bc)). The liquid metal will dwell at this state for a few seconds, then the amount of the braze
alloy at the outside of the tube decreases (Figure 7.11(d)), indicating that the liquid metal
flows to the inside of the tube. The final equilibrium shape in Figure 7.11(e) also shows
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small amount of braze alloy staying at the outside of the AA3003 tube, which is the same
as observed in the short HOLLOW PIN experiment.
To conclude, this experiment demonstrates that liquid metal can go through the
clearance and microchannels between the tube and the alumina substrate at the bottom and
go to the inside cavity.

Figure 7.11 Five stages of the capillary flow of molten alloy over the long HOLLOW
PIN with no SS fixturing wire, when brazed under 5˚C/min. (a) before melting, (b)
climbing, (c) maximum wetting distance on the outside wall 7.77 mm, (d) liquid metal
mass decreasing at the outside wall and flows to the inside cavity, (e) equilibrium.

The re-solidified sample is imbedded in resin and cut along the centerline of the
tube. The microstructure at this cross section is provided in Figure 7.12. Phase segregation
still exists, with α-phase at the outside of the tube and eutectic phase inside the tube. Pores
are observed at the α-phase rich zone at the outside of the tube. Compared to the results of
the short HOLLOW PIN experiment, the erosion is heavier on the AA3003 substrate in
this test. This is probably due to the low heating rate and longer dwell time of the liquid
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metal at the outside of the tube. The heaviest erosion happens at the locations right above
the α-phase rich zone, but the erosion inside the tube is not evident, which is similar to
what has been observed in Figure 7.7. It is worth noticing that the amounts of α-phase left
at the outside of the tube are different at two sides, with more noted in the right than that
in the left. This is due to the inhomogeneous distribution of α-phase, as can be deduced
from the macro photographs shown in Figure 7.8. The wetting distance of the eutectic
phase inside the tube is smaller at the right side compared to that at the left. The wetting
distances are measured to be 6.59 mm and 7.25 mm at the right side and left side,
respectively. Even though the α-phase amounts are different at the two sides, the top point
height of the α-phase surface profile outside the tube is measured to be the same, with a
value of 3.28 mm.

Figure 7.12 Microstructure of resolidified sample for the long HOLLOW PIN with no
SS fixturing wire.
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Figure 7.13 shows the triple line locations' dependence of time for the capillary
flow of molten alloy over the outside wall of the long HOLLOW PIN with no SS fixturing
wire. The same trend can be noticed, as depicted in Figure 7.9. The triple line movements
at both sides of the cylindrical surface are synchronous. The triple line locations reach the
top of the tube at t = 152s and then the amount of liquid metal outside the tube starts to
decrease at t = 156s. However, the triple line locations don’t change during the liquid
decreasing process until t = 248s. After that, they drop sharply and finally reach the
equilibrium at 3.28 mm.
A comparison with the short HOLLOW PIN experiment result is provided in Figure
7.13. The whole wetting process takes about 6 mins for the long HOLLOW PIN test, which
is much longer than that for the short HOLLOW PIN (2 mins). This is expected since it
takes more time for the molten alloy to reach the maximum wetting distance along the long
HOLLOW PIN than that along the shorter one. The total time is 252s for the liquid metal
to climb and dwell on the outside wall of the long HOLLOW PIN until all the eutectic
phase is transferred to the inside. This long time period leads to a more severe AA3003
substrate erosion at the outside wall. The final triple line locations at the outside wall for
the long HOLLOW PIN and short HOLLOW PIN experiment are similar, with the former
of 3.28 mm, and the latter of 3.70 mm.
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Figure 7.13 Triple line locations for the capillary flow of molten alloy over the outside
wall of the long HOLLOW PIN with no SS fixturing wire, and a comparison with the
short HOLLOW PIN experiment result.

As long as the molten alloy climbs upward in the gravity field, we hypothesize, it
would not tend to flow through the bottom microchannels in the interface domain between
the substrate and the sample. This has been confirmed by a direct video monitoring. Once
the liquid metal reaches the maximum wetting distance at the top, it will find a web of
clearances to distribute the capillary flow through the available venues. These passages
may have a larger wetting resistance compared to the ones when wetting upward, but when
the exposed triple line stops moving, the available microflow paths become available.

7.3.4

Short HOLLOW CUP

7.3.4.1 Short HOLLOW CUP with no microgrooves on the top edge
The projection of the short HOLLOW CUP configuration (Figure 7.3) in the OCA
system is shown in Figure 7.14(a). When heated, the molten braze will climb upward along
153

the outside wall (see Figure 7.14(b)) in a similar way to that of the short HOLLOW PIN.
However, there is no liquid metal wicking to the inside of the hollow cup within the domain
of the contact between the cup and the alumina substrate. The liquid metal is pinned at the
top of the cup at the final state as illustrated in Figure 7.14(c). This experiment is performed
under 5˚C/min with a holding time at the peak of 7 mins. Even though extra dwell time is
added, the equilibrium shape still doesn’t change.

Figure 7.14 Short HOLLOW CUP when brazed at 5˚C/min. (a) before heating, (b)
melting and climbing, (c) final equilibrium shape, liquid was pinned at the top.

The after brazing physical sample images shown in Figure 7.15(b) give a better idea
of how the sample looks like at the equilibrium state. From the top view, no liquid alloy is
observed inside the HOLLOW CUP and no obvious liquid is located on the top edge.

Figure 7.15 Physical sample images for the short HOLLOW CUP. (a) before brazing, (b)
after brazing, front view (left), top view (right).
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7.3.4.2 Short HOLLOW CUP with microgrooves on the top edge
The previous experiment shows that with the bottom closed, the liquid alloy still
cannot wick into the inside cavity through the top. Since microchannels have an effect to
promote wetting, this experiment wants to demonstrate that if microgrooves are added,
whether the flow to the inside is possible. Hence, #220 SiC paper is used to make
microchannels on the top flat surface of the HOLLOW CUP by grinding in a radial pattern.
Result in Figure 7.16(b) shows the same surface profile as the one without
microchannels, but with small “bumps” at the top edge. The top view of the after brazing
physical sample shown in Figure 7.17 indicates that there are tiny amounts of re-solidified
liquid alloy wicking into the inside cavity. Due to the microgrooves, sizable amount of
liquid metal is located on the top edge of the HOLLOW CUP. This experiment is performed
under 5˚C/min with a holding time at the peak of 3 mins.

Figure 7.16 Short HOLLOW CUP with microchannels on the top edge. (a) before
heating, (b) final equilibrium shape, liquid was pinned at the top, when brazed at
5˚C/min.

155

Figure 7.17 After brazing physical sample images for short HOLLOW CUP with
microchannels on the top edge.

From this experiment, it was demonstrated that microchannels did help the wetting
of the liquid alloy, but large amount of liquid metal cannot wick to the inside cavity
probably due to the pinning at the top wall edge and a large wall thickness. Further
experiments are needed to investigate the wall thickness effect.

7.3.5

Corroboration of predictions and experimental data on wetting distance
The prediction of the maximum wetting distance for the HOLLOW PIN experiment

(when there is no wicking to the inside cavity) to corroborate with experimental findings
has been accomplished by our collaborators at the Washington State University using the
Surface Evolver [15]. The details are given in Appendix C: Energy minimization through
Surface Evolver for the PIN and HOLLOW PIN Problem.
The relationships are established between the volume of the braze, V, and the height
of the equilibrium meniscus at the zero gravity and at Earth’s gravity (for radius r =
3.17 mm, and the equilibrium contact angle θ = 2.7°). These relationships are illustrated
in Figure 7.18 with a comparison of the current experimental results on the 1-g conditions.
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The surface evolver results show the wetting distance is much larger in microgravity
compared to that on earth, and the difference between them increases with the braze volume
increasing. Results also show that the numerically predicted data are a little bit larger than
the experimental data under terrestrial conditions. This is understandable since there is
inevitably a small amount of liquid alloy wicking into the inside tube (see Figure 7.5),
which may reduce some wetting distance on the outside wall, even though the experiment
condition has been strictly controlled.

Figure 7.18 Meniscus height as a function of the braze volume for the HOLLOW PIN
experiment (when no wicking to the inside cavity).

7.4

Summary
Aluminum braze capillary flow over a cylindrical wetting/non-wetting assembly

(HOLLOW PIN experiment) has been discussed in this chapter. Experiments of different
sample configurations under different heating rates have been conducted under terrestrial
conditions in the brazing lab, University of Kentucky. A corroboration of experimental
157

findings and numerical predictions by the NASA project team at the Washington State
University using Surface evolver has been performed.
The long HOLLOW PIN experiment has demonstrated that the maximum wetting
distance is 7.50 – 7.77 mm for a certain amount of braze alloy (volume of 63.62 mm3) on
the outside of the cylindrical wall. A small amount of liquid is still observed wicking into
the inside of the sample tube.
The key experimental finding has been uncovering a phase segregation of resolidified microstructures under an impact of surface tension and gravity driving forces in
the short HOLLOW PIN experiment, with most of the α-phase left at the outside of the
wall and eutectic phase inside the cavity. This test proves that the liquid metal can flow
into the inside cavity after reaching the top over the outside wall, but whether it is through
the top edge or bottom edge of the HOLLOW PIN is uncertain. The long HOLLOW PIN
with no stainless-steel fixturing wire experiment further demonstrates that the molten alloy
can flow through the bottom through small clearances and microchannels between the
HOLLOW PIN and the alumina substrate. Kinetics of triple line locations are also provided
for these two experiments.
No liquid is found in the cavity of the short HOLLOW CUP, indicating that the liquid
flow cannot go through the top edge to the inside under this configuration. Adding
microgrooves on the top edge of the HOLLOW PIN proves to promote the capillary flow,
but large amount of liquid metal still cannot wick into the cavity probably due to the
pinning effect and a large wall thickness. Further experiments are needed to investigate the
wall thickness effect.
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Modeling has been successfully implemented by the team from Washington State
University. The wetting distance and surface profile under earth gravity and zero gravity
have been predicted by using our empirical findings and the Surface evolver [15]. Plots of
meniscus heights as a function of braze amount with and without gravity have been
provided. Wetting distance is much larger in microgravity compared to that on Earth, and
the difference between them increases with the braze volume increasing. Comparisons of
the numerically predicted data and the experimental data under terrestrial conditions are
also offered.
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK
This chapter summarizes the dissertation. The results of current study and associated
contributions are listed with a few final remarks. Recommend directions for the
continuation of this work are followed.

8.1

Main conclusions
In this dissertation, the capillary flow of liquid aluminum alloy in both wetting and

wetting/non-wetting systems are discussed within the NASA sponsored research under
Grant #NNX17AB52G.

1. For the molten Al-Si alloy capillary flow in a wetting system, diffusion fields of
different elements (Si, K, Cu, Ti, Fe, Mn) involved in an aluminum brazing sheet has
been investigated under different heating rates, ranging from 1ºC/min to 40ºC/min, by
using Glow Discharge Optical Emission Spectroscopy. It is demonstrated that Si
diffuses more from the clad to the core of the substrate when heating rate decreases.
Hence, less liquid metal would be available to form the joint at low heating rates. Other
than Si, Cu has the best mobility. Ti, Fe, Mn are less mobile. Potassium fluoroaluminate flux may get entrapped for low heating rates, e.g. 1°C/min. As silicon
diffuses more prominently from the clad to the core when the heating rate decreases,
the area of Si depleted α-Al zone increases, and the core alloy has more localized
erosion at the clad-core interface at lower heating rates. However, the clad/core
interface position remains the same. In the presence of a mating surface, the joint size
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increases with the heating rate increase. When the heating rate reaches 10˚C/min, joint
size does not change markedly with the further increase of heating rate.

2. Silicon diffusion process prediction is essential for an assessment of the volume of clad
metal of a composite sheet available to flow into the joint. Hence, a study of both solid
and liquid state of Si diffusion across the clad-core interface, including 1) solid state Si
diffusion before clad melting, and 2) liquid state Si diffusion after clad melting, is
investigated. No sizable Si diffusion is observed when the temperature is lower than or
equal to 350˚C. The corresponding diffusion coefficient for 450˚C and 550˚C are found
to be 3.07 ×10-14 m2/s and 3.52 ×10-13 m2/s, respectively. Using the joint size obtained
under different heating conditions and modeling the joint formation, the Si liquid
diffusion coefficient is calculated to be between 1.10 × 10-11 to 3.63 × 10-11 m2/s at
around 600˚C depending on considered conditions. These values are an order of
magnitude larger than that of the pure Si solid diffusion coefficient at the same
temperature.

3. In an AA3003/Al2O3 wedge-tee configuration (a wetting/non-wetting assembly), the
(i) kinetics of liquid TRILLIUM® composite triple line movements and dynamic macro
advancing and receding contact angles and (ii) free surface profiles of the molten alloy
driven by surface tension and impacted by gravity, have been studied. The impacts of
gravity and surface roughness were considered. In the basic setting (inclination of 90˚),
both advancing and receding triple lines move the fastest within the first 2s. As time
goes by, the liquid metal moves slower due to gravity and viscosity and the front
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location becomes asymptotic to the value of approximately 10.28 mm under conditions
considered. The receding line location stays at around 0.5 mm (or alternately, ~1 mm)
for a while, and ultimately reduces to 0 mm at the equilibrium state. The macroscopic
advancing contact angle (θ1) at the final stage is measured to be 7.3 ± 0.3°, and the
receding contact angle between the liquid metal and the alumina substrate (θ2) is 125.9
±1.9°.

The experiments with different inclinations (ranging from 0°- 90°) demonstrate that
gravity does influence the wetting of liquid metal over AA3003. As the inclination
angle gets smaller, the surface profile gets thinner and changes from a non-symmetric
bag-like shape, with the equilibrium receding contact angle changing due to gravity, to
a more symmetric sessile drop shape. The capillary length for the molten alloy is
calculated to be 5.96 mm. If a given quantity of liquid metal has a wetting distance on
the vertical piece below this number, the gravity effect can be neglected, and the surface
profile becomes symmetric. Roughness promotes the wetting of the liquid metal on
AA3003. For the samples with the same surface roughness but with different groove
directions, the wetting distances are almost the same for the non-grinded, relatively
smooth surface. However, when the surface gets rougher, vertical grooves promote
more the wetting of liquid metal compared to horizontal grooves.

The microstructure for the re-solidified liquid alloy on the samples demonstrates a
phase segregation during the capillary flow within the mushy state domain, with more
α-phase at the bottom and more eutectic phase at the top. Pores are widely distributed
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at the bottom α-phase rich zone. Less eutectic liquid but more α-phase at the bottom
may lead to less mobility (or high viscosity) of the molten alloy. As a result, the
receding line will feature a dwell at 0.5 mm or 1 mm for a long time before detaching
from the horizontal non-wetting surface. The substrate erosion is not obvious, but one
can still notice some mild erosion at the eutectic rich zone, while the substrate at the
bottom leaves intact.

There are black residues on the alumina substrates after the experiment. SEM imaging
and EDS analysis of the residue show that the residue chemical compositions may
differ at different locations. However, flux content and Si, which is left by the Al-Si
alloy, are detected at most of the locations.

4. For aluminum braze capillary flow over a cylindrical wetting/non-wetting assembly
(PIN experiment), experiments under different heating rates and a series of tests with
different amounts of braze alloy have been conducted under terrestrial condition. This
work demonstrates that the equilibrium wetting distance and surface profile doesn’t
change much when brazed at different heating rates, say, 40˚C/min and 5˚C/min. The
kinetics of the triple line locations feature different characteristics at these two heating
rates. Since the braze alloy is not molten before the onset of climbing along the PIN,
the kinetics depends significantly on the melting process. The wetting distance gets
longer as the mass of the braze alloy gets larger, although the change is not significant.
With the increase of the mass, the gravity effect becomes more obvious and the surface
profile changes from a close to symmetric shape to an asymmetric bag-shape. The team
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from Washington State University has predicted the wetting distance and surface
profile under earth gravity and zero gravity by using our empirical findings and Surface
evolver [15]. Plots of meniscus heights as a function of braze amount with and without
gravity have been provided. Excellent agreement has been achieved between the
experimental and the numerically predicted data under terrestrial conditions. Results
show the wetting distance is much larger under microgravity, with at least a 3 mm
margin compared to that on Earth.

5. For the aluminum braze capillary flow over a cylindrical wetting/non-wetting assembly
(HOLLOW PIN experiment), experiments of different sample configurations under
different heating rates have been conducted under terrestrial conditions. The long
HOLLOW PIN experiment has demonstrated that there exists a maximum wetting
distance for a certain amount of braze alloy. A small amount of liquid is still observed
wicking into the inside of the sample tube. The key experimental finding has been
uncovering a phase segregation of re-solidified microstructures under an impact of
surface tension and gravity driving forces in the short HOLLOW PIN experiment, with
most of the α-phase left at the outside of the wall and eutectic phase inside the cavity.
This test proves that the liquid metal can flow into the inside cavity after reaching the
top over the outside wall, but whether it is through the top edge or bottom edge of the
HOLLOW PIN is uncertain. The long HOLLOW PIN with no stainless-steel fixturing
wire experiment further demonstrates that the molten alloy can flow through the bottom
through small clearances and microchannels between the HOLLOW PIN and the
alumina substrate. Kinetics of triple line locations are also provided for these two
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experiments. No liquid is found in the cavity of the short HOLLOW CUP, indicating
that the liquid flow cannot go through the top edge to the inside cavity under this
configuration. Adding microgrooves on the top edge of the HOLLOW PIN proves to
promote the capillary flow, but large amount of liquid metal still cannot wick into the
cavity probably due to the pinning effect and a large wall thickness. Modeling has been
successfully implemented by the team from Washington State University. The wetting
distance and surface profile under earth gravity and zero gravity have been predicted
by using our empirical findings and the Surface evolver [15]. Wetting distance is much
larger in microgravity compared to that on Earth, and the difference between them
increases with the braze volume increasing.

8.2

Future work
The following general recommendations regarding the future work are provided

based on the experience gained from the current work.

1.

Liquid diffusion coefficient of Si in liquid Al-Si to solid Al needs to be further
investigated. This parameter is essential to wetting, dissolution, contact melting,
liquid metal corrosion process, etc. However, the studies relating to this topic are
scares. This dissertation has been provided the Si liquid diffusion coefficient in
liquid Al-Si to solid Al at a temperature of around 600˚C. Nevertheless, more data
points at different temperatures need to be discovered. Ultimately, a correlation or a
curve relating the temperature and the liquid diffusion coefficient needs to be
identified.
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2.

In the wedge-tee wetting/non-wetting experiment, the video is taken from the front
view, which provides the evolution of the liquid aluminum alloy capillary flow in
the vertical direction along the AA3003 substrate. Due to the limitation of the
equipment, evolution in the side view, i.e. the capillary flow in the horizontal plane,
cannot be extracted since the furnace is not transparent. If possible, the evolution of
the wetting process in the side view needs to be developed.

3.

All the samples microstructures involved in the liquid aluminum alloy capillary flow
in the wetting/non-wetting experiment feature a phase segregation, in which, αphase and the eutectic phase are segregated. Some experiments have shown that if
the braze alloy is annealed for a long time at high temperatures (still below the
melting point) before the experiment execution, the phase segregation may be
avoided (Figure 5.20(e)). The mechanism of this phenomenon needs to be further
investigated.

4.

The HOLLOW PIN experiment shows that the liquid alloy cannot flow into the
inside cavity through the top edge. This is probably due to the pinning effect and the
large wall thickness. In the next step, experiment with reduced wall thickness and
extra microgrooves on the top edge of the HOLLOW PIN should be tested.

5.

Experimental studies of viscous aluminum alloy microlayers melt flow and
formation of macro liquid agglomerations before solidification under 1-g conditions
for various geometric settings’ configurations have been investigated. Next, the
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behavior of the wetting process under microgravity, i.e. 0g, needs to be identified.
In addition, the mechanisms of microstructure formation during solidification of
surface tension driven aluminum alloys under microgravity and their comparison
with the ground-based benchmark results should be uncovered.
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APPENDICES
Appendix A
Phase-Field Model for the Wetting/Non-wetting Problem

The experimental work conducted within the scope of this dissertation has been
tightly connected to the numerical modeling of the free surface that liquid composite AlSi alloy establishes during capillary flow and reaching the equilibrium state. The modeling
of the kinetics of the process has been done to corroborate with our experimental findings
by our collaborators at Washington State University using phase-field modeling.
The governing equations for the phase-field model [125] consist of the modified
Navier-Stokes (NS) equation, the incompressibility condition (IC) and Cahn-Hilliard
equations (CH). They take the following form:
𝐷v

= 𝜌𝒈 + 𝛻 ⋅ [𝜇(v𝛻 + 𝛻v) − 𝜅𝛻𝑐𝛻𝑐] − 𝛻𝜋;

NS:

𝜌

IC:

𝛻 ⋅ 𝒗 = 0;

CH1:

𝐷𝑡

𝐷𝑐
𝐷𝑡

= 𝛻 ⋅ (ℬ𝛻ℳ);

CH2: ℳ = 𝛥𝑓

𝑑𝑓
𝑑𝑐

− 𝜅𝛻 2 𝑐

The phase field variable, 𝑐, and the chemical potential, ℳ, are treated as independent
variables. In the gas phase (the blue area in Figure A1), 𝛻𝑐 = 0; in the liquid phase (the
red area in Figure A1), 𝛻𝑐 = 0; at the interface, 𝛻𝑐 changes from 0 ~ 1. 𝜋 is the noncapillary pressure, while −𝜅𝛻𝑐𝛻𝑐 is the capillary stress tensor, which differs from zero
only in the thin interface region. The interfacial gradient coefficient 𝜅, which indicates the
significant of interfacial energy in phase-field model, and the energy barrier Δƒ are related
to the interface thickness (ℎ) and the interfacial energy (Γ) through the following relations
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3
𝜅 = 𝛤ℎ
2

𝛥𝑓 =

3𝛤
4ℎ

Function ƒ in CH2 represents a double-well potential with minima at c = 0 (gas) and c = 1
(liquid), and the energy barrier Δƒ is shown in Figure A2 [125].

Figure A1. Initial condition

Figure A2. Double-well potential featuring the energetic barrier Δƒ. Modified from [125].

The total pressure is given as
1
𝑝 = 𝜋 + 𝜅(𝛻𝑐)2
3
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The viscosity 𝜇(𝑐) and mass density 𝜌(𝑐) are interpolated monotonically between the
values corresponding to the two fluids (liquid and gas).
The diffusive boundary conditions ensuring a non-negative dissipation on the solid
boundary is
𝐷𝑐
𝐷𝑡

= −𝑏 (𝜅𝒏 ∙ 𝛻𝑐 +

𝑑𝛾
𝑑𝑐

) ; 𝑏 > 0; 𝑜𝑛 𝑆

The parameters 𝜅 and the energy barrier between two minima of the double-well
potential 𝑓(𝑐) are directly related to the liquid-gas interface energy and the computational
parameter – interface width. The function 𝛾(𝑐) is monotonically interpolated between the
solid-gas (𝑐 = 0) and solid-liquid (𝑐 = 1) interface energies. The triple line mobility, 𝑏, is
determined from the experiments, while the bulk diffusion mobility ℬ should only be
sufficiently large not to hamper interface motion. Details of the parameter identification
procedure are given in [125].
The system of equations for the wetting/non-wetting problem has been solved
numerically. The computational domain consists of four boundaries as shown in Figure
A1. The bottom substrate is ceramic (alumina) which repels the fluid, while the vertical
substrate attracts (i.e., surface tension driven) the fluid. The right and up boundaries are
used to close the domain.
The computational initial condition of the wetting/non-wetting problem is similar
as in the experiment. It is assumed that the liquid has melted completely, and the simulation
begins at the time when the droplet touches/wets the vertical wetting wall. Initially, the
velocity and the chemical potential are zero, while the pressure is purely hydrostatic.
The diffusive boundary conditions are applied on the bottom and left boundaries
with equilibrium contact angles of 7 degrees and 140 degrees, respectively. The normal
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gradient of chemical potential vanishes on all boundaries while the normal gradient of
phase-field parameter vanishes on the right and top boundary. On all four boundaries, we
set zero normal and tangential velocity, while the pressure vanishes on the top.
Figure A3 shows the evolution of the droplet with a comparison of the numerical
and experimental results.

Figure A3. Evolution of climbing droplet with a comparison of the numerical and
experimental results.

The motion of triple lines is primarily determined the by triple line mobility
parameter b . Here, we plot computational and experimental results of the advancing and
receding contact line position against time in Figure A4. We can observe that the
computational equilibrium is reached much faster compared to the experimental
171

equilibrium. The velocity of the triple line is mainly defined by the phenomenological
parameter b . It can be considered as constant or it can be a function of time and position.
It is actually an Onsager coefficient that connects the dissipative flux with its corresponding
conjugate gradient. The correct choice of the triple line mobility is in progress at the time
of writing this document. However, the computational equilibrium wetting distance is in a
good agreement with the experiment.

Figure A4. Advancing and receding line movement as a function of time (preliminary
result)

The total pressure (Figure A5) 𝑝𝑡𝑜𝑡 = 𝑝 − 16∆𝑓𝑐 2 (1 − 𝑐)2 − 1/6𝜅|∇𝑐|2 at
equilibrium on the wetting boundary is plotted below. From the top of the domain until the
interface the pressure is hydrostatic (almost constant since gas mass density is negligible).
The surface tension inside the interface is manifested with the negative jump in pressure.
Then, the pressure inside the droplet is hydrostatic and it is increasing linearly. Finally, the
interface at the corner of the domain is illustrated with the pressure drop.
Figure A6 shows the excellent agreement between phase-field simulations (left)
and experiments (right) at the equilibrium (plotted as mirror images).
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Figure A5. Total pressure at equilibrium along the wetting boundary

Figure A6. Comparison (plotted as mirror images) between phase-field simulations (left)
and experiments (right) at the equilibrium.
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Appendix B
Equipment in International Space Station (ISS)

The ground-based experiments discussed in this dissertation are designed as
benchmark investigations related to planned microgravity experiments to be performed at
International Space Station (ISS) in the project of “BRAzing of Aluminum Alloys IN Space
(BRAINS)”, which is funded by the NASA’s Physical Sciences Research Program, Grant#
NNX17AB52G, PI: Dusan P. Sekulic.
The ISS experimental hardware includes the existing equipment as follows. The socalled “Solidification Using a Baffle in Sealed Ampoules” (SUBSA) furnace, which was
designed for operation in the ISS’s Microgravity Science Glovebox (MSG). The MSG is
an advanced research facility used aboard the ISS for performing material science,
biotechnology, combustion, fluid physics, and fundamental physics investigations. The
MSG provides an enclosed work volume with power, data, video, vacuum, heat rejection,
stowage, filtered air, gaseous nitrogen, lighting, and physical attachment resources for
performing investigations that require the microgravity environment of the ISS [126].
Figure B1 shows the SUBSA furnace in the MSG.
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Figure B1. SUBSA in the Microgravity Science Glovebox (MSG). Adapted from [126]
with permission.

SUBSA Layout and Experiment Parameter Justification
The SUBSA furnace layout and specifications are provided in Figure B2 and Table
B1, respectively. The SUBSA layout presented in Figure B2 represents the existing layout
to be modified according to the configuration described in the project.
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(a) SUBSA layout

(b) Ampoule layout
Figure B2. (a) SUBSA layout, (b) Ampoule layout. Adapted from [126] with permission.
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Table B1. SUBSA Furnace capabilities. Reprinted from [126] with permission.
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Appendix C
Energy Minimization through Surface Evolver for the Pin and Hollow Pin Problem

The goal of these simulations is to define the maximum wetting distance of liquid
with/without gravity for different liquid volumes. Initially, the thin film is placed on a nonwetting (ceramic) substrate (Figure C1) while at the same time, it touches the vertical
cylindrical wetting substrate. When heated, the thin layer melts and the liquid climbs over
the wetting cylindrical wall. The equilibrium configuration is determined through energy
minimization. The analysis is performed following the experimentally generated data
within the scope of this dissertation at the University of Kentucky while the simulation of
the same phenomena was performed at the Washington State University in cooperation
within the “BRAINS” NASA project.

Figure C1. Initial configuration of thin layer before brazing shown in axisymmetric. Rin
is the radius of the PIN or the HOLLOW PIN.
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Surface Evolver is used to minimize the energy
E =  lg A lg + ls A ls +

sg

A sg + Egrav + pV

(C1)

where  lg ,  ls and  sg are the interface energies between liquid-gas, liquid-solid and
solid-gas interface. A lg , A ls and A sg are the corresponding areas, and p is the pressure
inside the liquid. E grav is the gravitational potential energy. The free energy is minimized
under constant volume V.
Considering the total solid surface area As = Asl + Asg and choosing reference
energy E0 =  sg As . The free energy (Equation C1) is written as
E − E0 =  lg A lg +(

sg − sl ) A sl + Egrav

+ pV

From Young’s equation, it implies
E − E0 =  lg ( Alg + Asl cos eq ) + Egrav + pV

 eq is the equilibrium contact angle on the wetting substrate and V is liquid’s constrained
volume. The gravitational potential energy is

Egrav

(r 2

g

Rin2 )zdz

Small equilibrium contact angles are difficult to be determined experimentally.
Thus, given experimental equilibrium height and volume, the equilibrium constant angle
is determined computationally through surface evolver. In Figure C2(a), we see the
numerical result of two equilibrium configurations with and without gravity for the same
volume V = 63.62 mm3. All other parameters remain constant. As expected, when
gravitational forces are on, the liquid is pulled towards the bottom of the cylinder and when
gravitational forces are off the flow is solely driven by capillary forces and the wetting
distance is higher. The rest of the computational parameters are:
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𝑅𝑖𝑛 = 3.17 𝑚𝑚, 𝛾𝑙𝑔 = 0.85

𝜇𝐽
𝑚𝑚2

, 𝛼𝑒𝑞 = 2.7°, 𝜌𝑙 = 0.39 × 10−9 𝑘𝑔/𝑚𝑚3 (TRILLIUM®),

𝜌𝑔 = 1.184 × 10−9 𝑘𝑔/𝑚𝑚3 (nitrogen), 𝑔 = 9807

𝑚𝑚
𝑠2

, 𝑉 = 63.62𝑚𝑚3 .

A comparison with the experimental result showing the bag-like equilibrium shape
is given in Figure C2(b).

Figure C2. (a) Numerical result for equilibrium shapes with/without gravity (show in
axisymmetric), (b) Experimental result under gravity.

In Figure C3, the wetting distance as a function of liquid volume for different
diameters of the cylinder, i.e. PIN (Rin = 1.56 mm) or HOLLOW PIN (Rin = 3.17 mm), is
depicted.
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Figure C3. Wetting distance as a function of the braze volume for both PIN (Rin = 1.56
mm) and HOLLOW PIN (Rin = 3.17 mm) experiments.
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